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ABSTRACT 
The mechanical behavior of thin films comprised of dense arrays of Si nanosprings 
and nanocolumns, and the mechanical and chemical lithiation properties of individual 
structures isolated from these films were investigated in this dissertation research. The 
nanostructured films, fabricated via Glancing Angle Deposition (GLAD), were comprised 
of 10 µm high Si columns or springs that were either unseeded or seeded with of 900 nm 
or 1500 nm spacing. The Si columns were 130-430 nm in diameter while the springs had 
4 or 10 coil turns along their length and were either free at their top end, or capped with 1 
µm thick solid Si cap that terminated the top coil turn. The aforementioned geometrical 
and seeding parameters resulted in six different types of Si spring films which were 
subjected to compression in ambient conditions via a cylindrical flat punch attached to a 
nanoindenter, and in situ compression inside an SEM with the aid of a custom loading 
device. The applied normal pressure was varied from 0.5 MPa to 50 MPa in increments of 
5 MPa. 
The experiments showed pronounced stiffening with increased applied pressure, 
with the lowest compressive film stiffness measured in the range of 13±0.2 MPa to 151±15 
MPa for capped 4-turn springs with 900 nm seed spacing, and uncapped 10-turn springs 
with 1500 nm seed spacing, respectively, at 0.5 MPa applied pressure. Capped films 
showed higher resistance to permanent deformation: at 15 MPa the permanent deformation 
of capped 4-turn springs with 900 nm seed spacing was only 1%, compared to 9.5% for the 
same uncapped films. Of all types of films, uncapped Si coils with 4 turns were the most 
compliant at all values of applied pressure, reaching a maximum stiffness of 384±2 MPa 
and permanent compression of 22% at 50 MPa. All uncapped films were subject to 
permanent set at pressures lower than the capped films: the film cap provided a higher 
restoring force that prevented bending and “buckling” of individual springs in random 
directions, which was the case in uncapped films. Notably, capped seeded springs with 4 
turns and 900 nm seed spacing outperformed the unseeded counterparts at stresses as high 
as 15 MPa. In situ SEM compression experiments showed that increased spring 
intertwining, i.e. springs with larger pitch and coil radius, provided more resistance to 
bending and “buckling” and less cap damage under compression. 
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The experimental results at the film level were compared to microscale experiments 
of uniaxial tension/compression and bending of individual Si springs, which were carried 
out with the aid of MEMS devices: Individual springs with 4 coil turns, exhibited the 
smallest axial stiffness of 7.3±2.1 N/m and the best agreement with film-level 
measurements, and analytical and Finite Element (FE) calculations of the axial stiffness. 
Estimates of the film stiffness based on individual spring data showed best agreement at 
10 MPa applied stress, which implies that not all springs in a film are fully engaged and 
interacting at lower stresses, as well as off-axis bending even at small loads. Microscale 
compression and bending experiments with pairs of 4-turn springs confirmed the stiffening 
effect of neighboring springs, and the stabilizing nature of lateral spring interactions which, 
in the case of axial compression, resulted in a linearized mechanical response of a pair of 
springs. In general, the axial spring stiffness as computed via FE was up to 40% larger than 
the experimental values. This discrepancy was due to the uncertainty in (a) the 
measurement of exact dimensions of the elliptical cross-section of the wire comprising the 
seeded Si coils, and (b) the elastic material constants.     
Finally, individual Si columns and springs were subjected to in situ chemical 
lithiation inside an SEM. 1-D longitudinal lithiation proceeded in Si columns at 13.1±2.3 
nm/s, which is 5 times faster than the value reported before in literature for the 
electrochemical lithiation of crystalline Si nanowires. The fast lithiation rates were 
attributed to the dendritic and fibrillar microstructure of the columnar and spring Si 
structures, respectively, which was revealed by TEM imaging. The lithiation of open coil 
springs with 4 turns had a clear advantage over Si columns and 10-turn springs which 
exhibited irreversible localized “buckling”. Furthermore, springs with the smallest wire 
diameter, associated with seed spacing of 900 nm, did not form surface cracks, while 
isolated cracks were observed on the surface of thicker wire coils but not on Si columns. 
These isolated cracks did not hinder the lithiation process. Upon full lithiation, Si springs 
with 4 coil turns (900 nm seed spacing) extended by 19% in length and 29% in coil 
diameter, which averted “buckling” stresses and lateral deflection due to lithiation, thus 
making the particular type of Si nanosprings the most advantageous both mechanically and 
electrochemically.  
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CHAPTER 1 
 
 
 
 INTRODUCTION 
Novel interface materials are expected to provide a spectrum of functionalities, 
such as enhanced thermal and/or electrical conductivity, resistance to interfacial cracks, 
high interface compliance between materials with significantly different coefficients of 
thermal expansion, etc. To this effect, a variety of materials have been explored, such as 
forests of fibrils [1,2], carbon nanotubes (CNTs) [3-10], and helices [11,12]. Qu et al. [3] 
employed films of vertically aligned CNTs as interfaces to impart shear stresses of ~45 
N/cm2. A drawback of CNT films is their weak normal adhesion which can be somewhat 
improved by compressing a CNT forest [4]. Tong et al. [5] inserted a film of vertical multi-
walled CNTs between two surfaces which served as a Thermal Interface Material (TIM), 
namely as a material with high thermal conductance. The initial thermal resistance was 
~0.1 cm2C/W and decreased by one order of magnitude after bonding the multi-walled 
CNT film with a thin film of indium (In). Kumar et al. [6,7] introduced graphene nanopetals 
on the surface of nanotubes in CNT arrays, which increased the normal stiffness of the 
arrays by at least an order of magnitude, from 2 kN/m to 80 kN/m (10 - 400 MPa). The 
mechanical compliance and recovery upon loading could be increased by growing the 
CNTs in a helical fashion, thus producing coil-shaped CNTs [8-10]. Helical CNT arrays 
subjected to impact testing demonstrated almost 5 times more elastic displacement than the 
fragmentation limit of straight CNTs. Finally, Shaddock et al. [11] employed the Glancing 
Angle Deposition (GLAD) method to deposit compliant copper (Cu) interfaces directly on 
a silicon (Si) surface, achieving thermal resistance as low as ~0.01 cm2C/W, which 
surpasses in performance solutions based on CNTs which achieved thermal resistances as 
low as ~0.06 cm2C/W [13].  
2 
 
1.1  Oblique Angle Deposition of Nanostructured Films   
GLAD can produce thin films with slanted, straight, or helical micro- or nanoscale 
elements [14-20] by controlling the deposition parameters, such as rotation speed of the 
substrate, deposition rate, angle between the target and the substrate, and deposition angle, 
α. Figures 1.1(a-d) shows side views of columnar and helical Cu films deposited via 
GLAD. Figure 1.2(a) shows a schematic illustrating important deposition parameters, such 
as the angle between the target and the substrate, and the azimuthal rotation speed of the 
substrate.  
 
  
(a) (b) 
  
(c) (d) 
Figure 1.1 Cu GLAD films consisting of arrays of (a) slanted columns, (b) straight 
columns, (c,d) helices with different geometrical characteristics. See also relevant 
discussion in Chapter 5.  
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By GLAD, micro- or nanostructures form due to “self-shadowing” owed to the 
oblique deposition angle of the incident vapor onto a flat surface [14]. Upon formation of 
random nuclei on a flat surface, the high incident angle of the vapor results in “shadowing” 
of smaller nuclei, thus halting their growth, Figure 1.2(b). As a result, thin films with helical 
elements are deposited at high deposition angles, with substrate tilt angle larger than 80º, 
and at relatively slow substrate rotational speeds, namely a full rotation of the substrate 
corresponds to the deposition of one helix turn. Seeding of the substrate prevents random 
nucleation, therefore, resulting in orderly elements as first shown by Malac et al. [21].   
 
 
 
 
 
(a) (b) 
Figure 1.2 (a) Layout of chemical vapor source and substrate showing important 
deposition parameters such as tilt angle and substrate rotation. (b) Shadowing effect of 
neighboring grains under oblique angle deposition. Reprinted with permission from John 
Wiley and Sons. 
 
The microstructural intricacies of GLAD films have been shown to provide a 
multitude of functionalities, such as thermomechanical interphases [5,11,13], energy 
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storage [22-26], solid oxide fuel cells [27], and energy harvesting [28-30]. However, little 
is known about their mechanical compliance and robustness. Few studies on mechanical 
properties of GLAD films exist: For example, Lintymer et al. investigated the effect of the 
incident vapor angle on the geometry of columnar and zig-zag chromium (Cr) films, and 
the film level compressive properties [31-34]. Seto et al. performed nanoindentation on 
spring films comprised of silicon monoxide (SiO), titanium (Ti) and Cr, and the contact 
stiffness per unit area was found to be between 0.01 and 1.35 µN/nm/µm2 for SiO films 
with helices with 1-4 turns, and ~0.02 µN/nm/µm2 for Ti and Cr films with helices with 3 
turns [35,36]. The lateral and transverse stiffness of tantalum oxide (Ta2O5) spring films 
with a capping layer were measured by Hirakata et al. [37] and Sumigawa et al. [38]. Films 
with total area of 6.2 µm2 and comprised of springs with 5.5 turns and 125 nm pitch had 
axial stiffness of 2.0 N/m and vertical stiffness of 6.9 N/m, while films comprised of 
springs with 3.5 turns and 160 nm pitch had smaller axial stiffness of 1.7 N/m and larger 
vertical stiffness of 10.3 N/m [37,38]. At the individual spring level, Liu et al. [39] 
measured the stiffness of single Si springs with an Atomic Force Microscope (AFM). In 
that work, seeding of the substrate with tungsten (W) posts allowed for deposition of 
uniform spring array films. The stiffness of individual springs with 4 turns and ~1 µm pitch 
was between 2.8 and 10.5 N/m. The measured stiffness of the Si springs, however, was 
reported to be lower than expected due to the application of an off-axis load by the AFM 
tip. The aforementioned works could not separate the effect of lateral spring interactions 
on the measured spring stiffness from the collective stiffness of individual springs [39]. 
Stiffening due to lateral spring interactions inside films would require additional 
measurements of individual springs isolated from GLAD films. Furthermore, the 
intertwined nature of GLAD films would require pre-seeding to facilitate spring isolation 
and removal for testing.  
 
1.2  Multifunctional Nanospring Films 
Nanoscale refinement of Si presents further opportunities for compliant and 
functional films. Specifically, Si, when utilized as anode, has a theoretical gravimetric Li+ 
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capacity1 of 3,590 mAh/g, which is about ten times that of widely utilized graphite with 
gravimetric capacity of 372 mAh/g [40]. However, this capacity is accompanied by a large 
volumetric expansion of up to 290% upon lithiation, resulting in fragmentation and 
delamination of thin film anodes, as shown in Figure 1.3(a) [41].  As a result of these failure 
processes the capacity loss of a Si anode depends on its thickness: thicker films, a few µm 
in thickness, exhibit reduced capacity after a smaller number of electrochemical cycles 
compared to thinner films that are tens to hundreds of nm in thickness, Figure 1.3(b) [41]. 
While a reduction in film thickness can avert performance degradation, very thin anodes 
are impractical in terms of total battery capacity. A solution could be provided by relatively 
thick anodes (tens of µm thick) comprised of dense arrays of Si nanostructures, which, due 
to their individual small dimensions are not prone to fracture due to lithiation [41] while 
they also lithiate fast.  
Such arrays of nanocolumns have been developed before by various techniques, 
such as Chemical Vapor Deposition (CVD), GLAD, or the Vapor-Liquid-Solid (VLS) 
method [42-44], but they suffer from bending and geometrical distortions when both ends 
are fixed, which is irreversible upon delithiation. Structures that do not develop significant 
reaction forces due to expansion, such as springs, could provide a solution to this issue. 
This solution for Si anodes has been demonstrated before with stable electrochemical 
cycling for more than 100 cycles [22-25,45]. Helical films exhibited better performance th
an films comprised of slanted columns, exhibiting specific gravimetric capacity of 1,600 
mAh/g compared to 500 mAh/g for slanted columns, while tested for 100 cycles. The 
higher capacity of the helical films is due to better adhesion to the substrate and higher 
porosity and surface area, which accommodated Li+ transport. Prior studies, however, did 
not investigate the dependence of chemical lithiation on the geometrical details of 
individual helical nanostructures, and all prior studies were conducted at the film-of-
springs level. In this dissertation research, different types of Si nanosprings and nanowires 
were subjected to in situ chemical [46-50] lithiation. The procedures are described in 
Chapter 2, and the results are discussed in Chapter 4. 
                                                 
1 Gravimetric capacity is the charge capacity per unit mass. 
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(a) (b) 
Figure 1.3 (a) Fragmentation and delamination in a Si anode upon galvanostatic cycling. 
(b) Capacity fade of two Si films with different thicknesses [41]. Reprinted with 
permission from the Electrochemical Society and John Wiley and Sons. 
 
Additional benefits of compliant films arise when integrated as interfaces between 
two materials with different thermal expansion coefficients. Such interfaces are important 
for example, in the case of microelectronics, where the thermal expansion coefficient of Si 
(2.6 x 10-6  °C-1) is six times smaller than Cu (16.6 x 10-6  °C-1). In this role, Cu, Ni, Ag, etc. 
functional TIMs may allow for heat transfer while accommodating the differential thermal 
expansion due to the change in temperature [11,13,51-53], as shown pictorially in Figure 
1.4. Strong bonding of such interphases is of paramount importance, and the GLAD 
process facilitates this by direct deposition/growth on a surface and the ability to terminate 
forests of GLAD nanostructures with a solid cap that can bond via solders to another 
material. This capability for integration overcomes some hurdles encountered in the use of 
CNTs [6,54-57] or forests of vertical Cu wires [58] as TIMs. Compared to conventional 
solders, TIMs provide reduced thermal resistance due to their small thickness, while also 
facilitating large interface compliance. 
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Figure 1.4 Cu spring array serving as TIM [11] that accommodates the differential 
thermal expansion between Si and Cu surface. Features not drawn to scale. Reproduced 
with permission from the authors.  
    
 
1.3  Objectives and Approach of this Dissertation Research 
The objective of this Ph.D. dissertation research was to obtain relations between 
the mechanical behavior of GLAD-based nanostructured films and the geometrical 
characteristics of individual springs and their films. Towards this goal, the mechanical 
behavior of individual Si springs and their films was quantified under compression and 
shear, and the results were compared to analytical and Finite Element (FE) models. The 
materials utilized in this study were: 
a) 10-µm long Si springs films with two different seed spacings (900 nm and 1500 
nm) and two different number of turns per unit length (0.4 coil/µm and 1 coil/µm), 
b) 10-µm thick unseeded Si springs films with two different number of turns per unit 
length (0.4 coil/µm and 1 coil/µm), 
c) 10-µm thick films of seeded vertical columns with 900 nm seed spacing. 
All Si spring films were produced in capped and uncapped form. 
 
Heatsink 
Solder bond 
Capping layer 
Cu spring interface material 
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Solder bond 
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Figure 1.5 provides an outline of the experimental methods applied in this research. 
Compression and shear film stiffness and permanent deformation were measured in capped 
and uncapped films which represent different cases of boundary conditions. At the 
nanoscale, the mechanical behavior of the individual Si springs isolated from four types of 
seeded films, was obtained in tension, compression and bending via 
Microelectromechanical Systems (MEMS) based tools. The results of single spring 
experiments are compared to analytical and FE calculations.  
 
 
Figure 1.5 Graphic summary of the experimental methods applied in this dissertation. 
The mechanical properties of Si spring films and individual Si springs were measured 
for compression, tension and shear. Some data from film-level shear experiments are 
adopted from [59].  
 
Finally, the geometrical evolution of lithiated individual Si springs and columns 
with different dimensions and geometry was also studied by in situ chemical lithiation in 
vacuum, which differs from electrochemical lithiation in a liquid electrolyte, because there 
is no formation of a Solid Electrolyte Interface (SEI) on the surface of the active material 
[60]. The in situ chemical lithiation provides measurements at the scale of individual 
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nanostructures, which in turn can be directly compared to computational models conducted 
by collaborators of this research. 
The synthesis of the Si GLAD films and the experimental techniques for 
mechanical and electrochemical characterization are presented in Chapter 2. The results of 
compressive film stiffness and compressive, tensile and bending stiffness of individual Si 
springs are presented and discussed in Chapter 3 with comparisons to analytical and FE 
calculations. Chapter 4 focuses on chemical lithiation of individual Si springs and columns. 
Finally, Chapter 5 presents the conclusions of this Ph.D. dissertation and proposed future 
research.  
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CHAPTER 2 
 
 
 
 EXPERIMENTAL PROCEDURES 
In this Chapter, the deposition technique for nanospring and nanowire films is 
presented, followed by a description of the experimental methods utilized to study the 
mechanical properties of spring array films and individual springs. The experimental 
outcomes are compared to analytical and computational FE calculations. Finally, the 
approach to study the geometrical evolution of individual nanoscale springs and columns 
subjected to lithiation is discussed. 
 
2.1  Fabrication of Si Spring Films 
Six types of Si spring films comprised of (a) 4-turn coils with 900 nm seed spacing, 
(b) 4-turn coils with 1500 nm seed spacing, (c) 10-turn coils with 900 nm seed spacing, (d) 
10-turn coils with 1500 nm seed spacing, (e) 4-turn coils on unseeded substrate, and (f) 10-
turn coils on unseeded substrate, Figures 2.1(a-f), were fabricated by GLAD at Micralyne, 
in Edmonton, Canada. Seeded and unseeded Si substrates were titled at 85º and rotated at 
constant speed [14,15]. The choice of deposition parameters provided control of the wire 
diameter, coil diameter, and coil/helix angle. Unseeded films demonstrated a large 
distribution of wire and coil diameters, and resulted in highly intertwined springs, Figure 
2.1(e,f). The increased seed spacing in the case of seeded springs reduced intertwining 
between adjacent springs, Figure 2.1(a-d). The seeded Si spring films were fabricated on a 
Si wafer with a regular pattern of 500-nm tall Si posts that served as seeds with spacing of 
either 900 nm or 1500 nm. For each seed spacing, Si springs with 1000 nm or 2500 nm 
pitch height were fabricated, thus resulting in six different types of films, all being 10±0.5 
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µm thick, Figure 2.1(a-f). Seeding of the Si substrate with 500 nm high Si posts was 
prepared via Deep Reactive-Ion Etching (DRIE). 
The Si nanospring films were grown at a rate of 10 Å/s and an incident angle of 
85, with a substrate rotation rate of 4.2º/min for 4-turn springs and 10.6º/min for 10-turn 
springs. The 4-turn springs were approximately open-coiled, whereas the 10-turn coils with 
1500 nm seed spacing were close-coiled (screw-like), Figures 2.1(a-d). The degree of 
spring intertwining varied with seed spacing, with larger spacing and smaller spring pitch 
resulting in less overlap between springs, Figures 2.2(a-d). The wire comprising the open-
coiled springs had elliptical cross-section. The major and minor axes of the wire were 
measured from high resolution Scanning Electron Microscopy (SEM) images. The 
measured geometrical parameters of the Si springs are listed in Table 2.1. These coil 
diameters and pitch values produced mean helical paths of 21.7 µm, 22.1 µm, 34.8 µm and 
42.7 µm for springs with 4-turns and 900 nm seed spacing, 4 turns and 1500 nm seed 
spacing, with 10-turns and 900 nm seed spacing and 10 turns and 1500 nm seed spacing, 
respectively. The minor axis of the coil wire, reported in Table 2.1, was measured at the 
midpoint of half a coil turn, where the planar view of the coil resulted in the narrowest 
section, at an angle equal to the growth angle (see Appendix A). The minor axis varied 
significantly (but consistently) along the coil length due to irregular shadowing by adjacent 
seeds: the hexagonal pattern resulted in alternating longer and shorter shadow during a 60º 
rotation, producing thinner and thicker segments, Figures 2.3(a,b). The resulting 
irregularities only affected the underside of the coil wire as shown in the ray schematics in 
Figures 2.3(c,d). Figure 2.3(c) shows the deposition front of two 4-turn, springs at seed 
spacing (900 nm) which results in the shortest possible shadow. Figure 2.3(d) shows the 
deposition at 30º rotation with respect to the direction of seed spacing, Figure 2.3(b), 
resulting in a distance of 1560 nm between two seeds and a longer shadow. The vapor rays 
in Figures 2.3(c,d) are at 5º with respect to the substrate surface because the substrate in 
GLAD is titled at 85º with respect to the vapor source. The schematic shows that the top 
coil surface is not affected by redeposition during substrate rotation, unlike the bottom 
surface that receives vapor even after the deposition front has advanced. Note that the 5º 
inclination of the deposition front towards the vapor source is an assumption. The 
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periodically irregular shadowing has resulted in the periodic irregularities in shape shown 
in Figure 2.1 and a variation in the minor axis of the wire along the spring’s helical path. 
Apart from the variation in the minor axis due to the irregular shadowing, the 
seeded Si springs did not exhibit other variations in their dimensions, with the coil diameter 
and major axis remaining quite constant along each spring and between springs in a film, 
as shown in Figures 2.1. Furthermore, the use of a close-packed hexagonal seeding pattern 
provided better uniformity in the values of the minor axis of the coil wire, compared to 
other possible patterns, such as square or rectangular.  
 
 
 
Table 2.1. Geometrical parameters of Si spring films fabricated for this study. The values 
in the table are the mean ± one standard deviation. The standard deviation values have 
been rounded.  Appendix A shows the details of the measurement of the quantities in 
Table 2.1. 
Spring type  
(number of turns, 
seed spacing) 
Coil diameter 
(nm) 
Major axis of 
the wire (nm) 
Minor axis of 
the wire (nm) 
Pitch (nm) 
4 turns, 900 nm 1530 ± 40 380 ± 10 160 ± 10 2500 
4 turns, 1500 nm 1570 ± 40 470 ± 25 250 ± 30 2500 
10 turns, 900 nm 1060 ± 25 350 ± 20 200 ± 15 1000 
10 turns, 1500 nm 1320 ± 25 435 ± 20 305 ± 15 1000 
13 
 
  
(a) (b)  
  
(c) (d) 
  
(e) (f) 
Figure 2.1 Side views of Si spring films comprised of (a) 4-turn coils with 900 nm seed 
spacing, (b) 4-turn coils with 1500 nm seed spacing, (c) 10-turn coils with 900 nm seed 
spacing, (d) 10-turn coils with 1500 nm seed spacing, (e) 4-turn coils on unseeded 
substrate, and (f) 10-turn coils on unseeded substrate. The spring film in (a) has a capping 
layer. 
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Spring films of all types were also fabricated with an additional 1000-nm 
continuous capping layer of solid Si, e.g. Figure 2.1(a). The capping layer was deposited 
at 10 Å/s and a substrate rotation rate of 2400/min, with an incident angle of 20. The 
capping layer was continuous in the case of 4-turn springs that demonstrated significant 
overlap, Figure 2.2(a,b), while the capping layer was not as cohesive in the case of 10-turn 
springs, especially those with 1500 nm seed spacing due to the large spacing between 
individual springs, Figure 2.2(d). 
 
  
(a) (b) 
  
(c) (d) 
Figure 2.2 Top views of Si spring films comprised of (a) 4-turn coils with 900 nm seed 
spacing, (b) 4-turn coils with 1500 nm seed spacing, (c) 10-turn coils with 900 nm seed 
spacing, and (d) 10-turn coils with 1500 nm seed spacing. 
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(a)  (b)  
  
(c)  (d)  
Figure 2.3 (a) Side view of a 4-turn spring (900 nm seed spacing) showing the variation 
of the minor axis along the helical path. (b) Hexagonal seed pattern resulting in different 
shadowing according to the vapor direction. Shadowing of the center seed in (b) by (c) 
the closest neighbor (900 nm distance) indicated by a straight arrow and resulting in 
shortest shadow, and (d) the neighbor indicated by the tilted arrow (1560 nm distance), 
which resulted in longer shadow. 
 
 
2.2      Mechanical Studies at the Film Level 
2.2.1  Flat Punch Compression Tests 
Compression tests were performed on uncapped and capped, seeded and unseeded 
Si spring films. Circular test areas of ~100 μm diameter were prepared using a Focused Ion 
Beam (FIB) (FEI Helios microscope), at an accelerating voltage of 30 kV and emission 
current of 21-47 nA. First, a ring with an outer diameter of 130 μm and inner diameter of 
100 μm was milled, Figure 2.4(a). The springs outside the ring were then removed, leaving 
behind test specimens such as the one shown in Figure 2.4(b). Because of the initial milling, 
Thicker 
segment  
Thinner 
segment 
Vapor direction 
causing shorter 
shadow 
2 μm 
Vapor 
direction with 
longer shadow 
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a fused layer of Si formed on the outer surface of the test specimen, which was removed 
by low power FIB ion-milling (emission current of 9 nA) to produce the final circular test 
area, shown in Figure 2.4(c).  
Flat punch compression tests were performed with a commercial Hysitron TI 950 
TriboIndenter and a 188-μm diameter circular flat punch made of sapphire. The standard 
methodology for instrumented nanoindentation [61-65] was followed to analyze the force-
displacement data. Each test area was subjected to 10 loading-unloading cycles between 0 
MPa and a maximum of 0.5, 5, 10, 15, 20, 25, 30, 40, or 50 MPa. The load vs. displacement 
plots for all spring types and peak stresses are included in Appendix B; an example plot for 
a 4-turn Si spring film on unseeded substrate is shown in Figure 2.5(a). The graphs of the 
first loading and the last unloading curve for each peak stress value are included in 
Appendix C. Each specimen was subjected to additional 10-cycles of loading and 
unloading in a ±10% range about each maximum stress value. The compressive film 
stiffness, Ef, was calculated from the slope of the force vs. displacement plots as: 
𝐸𝑓 = 𝑘𝑓
ℎ
𝐴
 (2.1) 
where kf  is the slope of the curve in the ±10% range of each peak stress value, h is the mean 
height of the spring film where kf was computed, and A is the top surface area of the of the 
round compression samples, Figure 2.4(c). The load vs. displacement plots for all spring 
types and for the ±10% range of each peak stress value are included in Appendix D and a 
sample plot of the load vs. displacement for a 4-turn Si spring film on unseeded loaded to 
16.5 MPa peak stress is shown in Figure 2.5(b). Because of the large area of compression, 
recalibration of the commercial nanoindenter was required to account for the test system 
compliance: compression tests were performed on clean substrate surfaces to measure the 
system (substrate, cylindrical punch, adhesive and indenter) stiffness. Then, the true 
stiffness of a spring film, kf, was calculated as: 
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𝑘𝑓 =
𝑘𝑡𝑘𝑠
𝑘𝑠−𝑘𝑡
 (2.2) 
where kt is the total measured stiffness and ks is the stiffness of the system. 
The experiments on the uncapped Si spring films were performed as part of the 
Master’s thesis by Ryan Nicholas Mott [59]. Those data were not corrected for the system 
stiffness. To accurately compare the stiffness of uncapped and capped films, the data from 
[59] were corrected before being used in this dissertation. 
 
   
(a) (b) (c) 
Figure 2.4 Definition of the test area in a film comprised of unseeded 10-turn Si springs: 
(a) Initial FIB milling of a cylindrical specimen, (b) springs removed outside the 
cylinder, and (c) fine FIB ion-milling removed the fused springs at the edges of the test 
area. 
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(a) 
 
(b) 
Figure 2.5 Load vs. displacement curves of a Si film comprised of 4-turn springs grown 
on unseeded substrate. The particular film was subjected (a) to 10 loading-unloading 
cycles in the range 0-15 MPa, and (b) to 10 cycles in the range 13.5-16.5 MPa. For 
clarity, each loading-unloading cycle with amplitude of 10% of the mean stress (15 MPa) 
has been shifted to the right. 
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2.2.2 Calibration of Nanoindenter Stiffness at High Forces    
The commercial nanoindenter is designed to operate for small contact areas as 
defined by a tip that is reduced to a small contact area. Substitution of these tips with the 
flat punch used in this work invalidates the pre-calibration of the nanoindenter that was 
done by the manufacturer, as the entire flat punch tip stores significant elastic energy and 
deformation, and the sample holder and adhesives are subjected to major forces. Therefore, 
it is required to recalibrate the indenter. To this effect, compression experiments were 
performed on two different Si substrates that were cleaned of the Si nanosprings, to ensure 
that the results were not affected by variations in the amount of adhesive between the Si 
wafer and the magnetic sample holder. The results for the compression of two Si substrates 
are shown in Figure 2.6. The compressive stiffness of the Si substrate increased with 
applied stress. The loading stiffness was consistently higher than the unloading. The values 
derived from two different specimens were in agreement, with the highest deviation 
exhibited at 50 MPa, with 9% deviation for loading and 11% for unloading stiffness. 
 
 
Figure 2.6 Compressive unloading and loading stiffness of nanospring substrates. 
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2.2.3 In situ Flat Punch Compression Tests 
In situ compression experiments were performed in a FIB chamber (FEI dual beam 
235) on Si spring array films. Rectangular areas were defined by ion-milling and were 
mounted on the probe holder of a nanomanipulator (Zyvex S-100). Rectangular test areas 
for in situ experiments were selected at the edge of cleaved wafers to avoid ion-milling the 
side of the test area that was viewed. The test specimens were positioned as close as 
possible to the neutral axis of the cylindrical probe holder to avoid bending. The sapphire 
flat punch used with the ex situ experiments was attached to a loadcell with 0.5 N maximum 
force capacity, and the assembly was mounted on the stage of the FIB. The flat punch was 
coated with a 10-nm thick Au-Pd film to prevent charging in the FIB. Figure 2.7 shows the 
punch-test area lay-out and a higher magnification side view of a test area comprised of 4-
turn Si springs with 900 nm seed spacing.  
 
  
(a)  (b) 
Figure 2.7 (a) Side view of in situ compression using a cylindrical flat punch. The test 
area is inside the box. (b) Side view of a film comprised of 4-turn springs with 900 nm 
seed spacing before in situ compression. 
 
The top surface of the Si specimen and the flat surface of the sapphire punch were 
aligned. Alignment in the in-depth direction was ensured by tilting the FIB stage at ±5º and 
measuring the vertical length of the projection of the two areas. By knowing the diameter 
D of the specimen or the flat punch, the vertical projection hv at a tilt of 5º should be hv = 
D·sin(5º). During the in situ compression experiments, images were captured at two 
10 µm 
Flat Punch Flat Punch 
Substrate Substrate 
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magnifications: low magnification (~2500×) imaging allowed monitoring the alignment 
between the flat punch and the specimen, whereas high magnification (~20000×) allowed 
to measure the film compression and provided a direct perspective in understanding how 
the springs deformed under compression. 
 
  
(a) (b) 
  
(c) (d) 
Figure 2.8 Calibration of loadcell (a,b) before and (c,d) after modification for use 
inside a vacuum chamber. 
 
The four sides of the rectangular test areas were imaged post mortem to measure 
the permanent compression and to ensure even compression. Finally, calibration of the 0.5 
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N loadcell was carried out in vertical orientation by using known weights. A hole was 
machined on the drum of the loadcell to allow for trapped air to escape during the pumping 
down of the FIB chamber. Figure 2.8 shows several calibration curves before and after 
modification and at different times during this research showing consistency. 
 
2.3  Mechanical Tests of Individual Si Nanosprings and Nanocolumns 
The tension/compression and bending behavior of individual springs and columns 
were quantified with the aid of MEMS devices using a method developed before by this 
group [66]. The stiffness of the MEMS devices was calibrated with devices of known 
stiffness [66,67] and the process is described in Appendix E. Side and top views of an 
isolated 4-turn spring are shown in Figures 2.9(a,b). The springs were fixed onto the 
MEMS devices via platinum (Pt) tabs that were deposited in a FIB, which fully constrained 
the spring ends, thus creating approximate fixed-fixed boundary conditions. Figures 
2.10(a-d) show the four different types of Si springs mounted before compression testing, 
whereas Figures 2.10(e-h) show the same types of Si springs mounted for shear testing. 
The first two test structures in Figures 2.10(a-d) and Figures 2.10(e-h) are spring-like, the 
third has a spring-like structure with small coil diameter, whereas the fourth is closer to a 
staircase shape. Images before and after deposition of the Pt tabs showed no or minimal Pt 
deposition on the test specimens. Figure 2.11 shows a 10-turn, 900 nm seed spacing, spring 
before and after depositing the Pt tabs; the comparison shows no deposition of Pt in the 
gage area. 
 
  
(a) (b) 
Figure 2.9 (a) Side and (b) top view of a 4-turn Si spring (900 nm seed spacing). 
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The mechanical response of the individual Si springs was investigated for springs 
retrieved only from seeded areas; the density of springs in unseeded areas was too high, 
thus making the removal of intact unseeded springs impractical. The springs were subjected 
to tension or compression at a loading rate of 30 nm/sec. Testing was performed under an 
optical microscope and images were captured at 400 magnification. At least three 
specimens per spring type were tested. 
 
    
(a) (b) (c) (d) 
    
(e) (f) (g) (h) 
Figure 2.10 Si springs mounted on MEMS devices for (a-d) uniaxial compression 
testing and (e-h) shear testing. The springs were isolated from films with (a,e) 4-turn 
coils with 900 nm seed spacing, (b,f) 4-turn coils with 1500 nm seed spacing, (c,g) 10-
turn coils with 900 nm seed spacing, and (d,h) 10-turn coils with 1500 nm seed spacing. 
 
  
(a) (b) 
Figure 2.11 10-turn spring, from a film with 900 nm seed spacing, mounted on a MEMS 
device (a) before and (b) after depositing Pt tabs. 
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The initial tensile/compressive spring stiffness was measured from the slope of the 
linear segment of the force vs. spring extension/compression curves. The applied force was 
calculated from changes in the opening of the loadcell, namely the relative motion between 
areas 2 and 3 in Figure 2.12. The spring extension/compression was obtained from the 
crosshead displacement which corresponds to the relative motion between areas 1 and 2 in 
Figure 2.12. A comparison of the relative motion of the two areas marked as 1 provided a 
measure for unintentional bending, which was found negligible. The rigid body 
displacements were calculated via the commercial Digital Image Correlation (DIC) 
software VIC-2D [68] from dark-field optical microscopy images obtained at 400 
magnification, with an accuracy of ~0.1 pixels (20-25 nm). Similarly, the bending stiffness 
of individual springs was measured from the slope of the linear segment of bending force 
vs. lateral deflection curves.  
 
 
 
Figure 2.12 A 10-turn spring mounted on a tension/compression MEMS device. The 
rigid body displacements of areas 1, 2, 3 were computed via DIC.  
 
The bending force was calculated via DIC from the relative motion of areas “2” 
and “3” in Figure 2.13 and the lateral deflection was computed from the change in distance 
between areas 1 and 2 in Figure 2.13. Finally, the effect of the lateral interactions between 
springs at the film level was investigated by mounting bundles of two springs onto the 
1 
2 3 
1 
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MEMS devices. Figures 2.14(a,b) show two 4-turn Si springs with 900 nm seed spacing 
mounted for mechanical testing on a tension/compression and on a bending MEMS device, 
respectively. Mounting of the two Si springs on the MEMS device did not maintain the 
original spacing between the two springs in the film. Therefore, in these experiments, the 
two springs were potentially in contact from the onset of loading. 
 
 
 
Figure 2.13 A 10-turn spring mounted onto a MEMS device for shear testing. The rigid 
body displacements of areas 1, 2, 3 were computed via DIC. 
 
  
(a) (b) 
Figure 2.14. Two 4-turn springs directly transferred and mounted on MEMS devices for 
(a) compression and (b) bending testing.  
1 
2 
3 
1 
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Tension experiments with straight Si columns fabricated with GLAD were 
performed to measure the material behavior of GLAD Si. The Si columns were also 
fabricated at Micralyne with the substrate titled at 85º while rotated at constant speed 
[14,15], which was at least an order of magnitude faster than the rotation speed for the 
fabrication of the spring films. Figures 2.15(a,b) show side views of unseeded and seeded 
10-μm thick Si column films. The seed spacing for the Si columns was 900 nm, aiming at 
producing Si columns with similar diameter as the 4-turn and 10-turn springs with the same 
seed spacing. The increase in azimuthal rotation speed by at least an order of magnitude 
resulted in growth of multiple nuclei on each seed, which did not merge. MEMS devices 
with nominal stiffness of 1.2 N/m were used for the tensile experiments of the Si columns. 
A Si column on a MEMS device is shown in Figures 2.15(c). 
 
  
(a) (b) 
 
 
(c)  
Figure 2.15. Films comprised of Si (a) columns grown on unseeded substrate, and (b) 
on seeds with 900 nm seed spacing. (c) Si column mounted on a MEMS testing device. 
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2.4 Analytical and Finite Element Models for Helical Springs 
To assess whether the mechanical behavior of individual springs approximates that 
of ideal coils, the experimental tension/compression stiffness values were compared with 
predictions by existing analytical spring models. Wahl derived the stiffness of a spring with 
circular wire cross-section, which is subjected to axial loading while its ends are fixed 
against rotation [69,70]: 
𝑘𝑎 =
𝐺𝑑4
8𝐷3𝑁
(
𝑠𝑖𝑛 𝛼 − 𝑠𝑖𝑛 𝛼0
𝑐𝑜𝑠3 𝛼0 [𝑠𝑖𝑛 𝛼 − 𝑠𝑖𝑛 𝛼0 +
𝐸𝐼
𝐺𝐽 𝑡𝑎𝑛 𝛼
(𝑐𝑜𝑠 𝛼0 − 𝑐𝑜𝑠 𝛼)]
)
−1
 (2.3) 
where G is the shear modulus, GJ is the torsional rigidity, EI is the flexural rigidity, D is 
the coil diameter, d is the wire diameter, α is the pitch angle at a given displacement, α0 is 
the initial pitch angle and N is the number of coil turns. It is noted that in Wahl’s model in 
equation 2.3, and in Ancker and Goodier’s model [71,72] which is described later, the shear 
modulus G is paired with the polar moment of inertia, Ip, for a circular wire cross-section, 
which here, for generality, is substituted with the torsional rigidity GJ. In [69-72], Ip is used 
instead of J since they have the same value for a circular cross-section. 
The equation above was modified to account for the elliptical cross-section of the 
GLAD springs. The d4 term in equation 2.3 was properly substituted with the torsional 
constant, which for a circular cross-section is equal to J=πd4/32. Since bending occurs 
along the minor axis of the ellipse, the moment of inertia I was substituted by Ia= πab3/4 
for an elliptical cross-section. Then, the axial stiffness of a spring comprised of a wire with 
elliptical cross-section and both ends fixed against rotation was calculated as: 
𝑘𝑎 =
4𝐺𝐽
𝜋𝐷3𝑁
(
𝑠𝑖𝑛 𝛼 − 𝑠𝑖𝑛 𝛼0
𝑐𝑜𝑠3 𝛼0 [𝑠𝑖𝑛 𝛼 − 𝑠𝑖𝑛 𝛼0 +
𝐸𝐼𝑎
𝐺𝐽 𝑡𝑎𝑛 𝛼
(𝑐𝑜𝑠 𝛼0 − 𝑐𝑜𝑠 𝛼)]
)
−1
 (2.4) 
where the torsional constant for an ellipse with major axis a and minor axis b, is given by: 
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𝐽 =
𝜋𝑎3𝑏3
(𝑎2 + 𝑏2)
 (2.5) 
and the pitch angle α is given by [69,70]: 
𝑡𝑎𝑛 𝛼 =
ℎ𝑃
𝜋𝐷
 (2.6) 
where hp is the pitch length of the spring.  
Ancker and Goodier [71,72] also derived an equation for the axial stiffness of a 
spring, assuming radial symmetry (every cross-section of the spring experiences the same 
load) as: 
𝑘𝑎 =
𝐺𝑑4
8𝐷3𝑁
[1 −
3𝑑2
16𝐷2
+
1 − 𝜈
2(1 + 𝜈)
𝑡𝑎𝑛2(𝛼)]
−1
 (2.7) 
 
Similar to the Wahl’s model [69,70], equation 2.6 was modified for an elliptical cross-
section: 
𝑘𝑎 =
4𝐺𝐽
𝜋𝐷3𝑁
[1 −
3𝑎𝑏
4𝐷2
+
1 − 𝜈
2(1 + 𝜈)
𝑡𝑎𝑛2(𝛼)]
−1
 (2.8) 
Where the d2 term was replaced by 4ab, as the particular term accounts for the shear 
deformation in the wire cross-section. The model parameters in Equations 2.4-2.8 are 
shown in Figures 2.16(a,b). The spring pitch angle was calculated by using the coil 
circumference and the helical pitch, as shown in Figure 2.16(b).  
These analytical expressions are utilized to obtain estimates for comparison with 
the experimental results discussed in the next sections of this dissertation. However, 
analytical models can provide approximate solutions for a limited spectrum of boundary 
conditions. Zhang and Zhao [73] investigated the effect of boundary conditions on the 
mechanical response of springs with round and square coils via a FE analysis: springs with 
fixed ends had 2-3 times higher effective stiffness when compared to springs with one free 
end, which shows the significant role of boundary conditions.  
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(a) 
 
(b) 
Figure 2.16 (a) Geometrical spring parameters used in analytical models. The particular 
spring geometry corresponds to a 4-turn spring with 900 nm seed spacing. (b) Definition 
of pitch angle. The pitch angle is calculated by uncoiling one turn of a helix with πD 
circumference and pitch height hp.  
 
A FE analysis was utilized to shed light into the mechanical behavior of individual 
springs and their films, such as the precise mechanical behavior of individual coils with 
non-circular wire cross-sections, and the onset of interaction between nanosprings in a film 
that led to progressive stiffening. The exact geometry of individual Si springs was modeled 
in Solidworks™ using the dimensions in Table 2.1. The spring geometry most faithfully 
representing the actual spring geometry in Figures 2.1(a-c), was generated starting with an 
ellipse with the major and minor axes listed in Table 2.1, which was tilted about its major 
axis by the growth angle of the springs, Figure 2.17(a). The growth angle, measured from 
film side views in SEM images, was 32° for seeded springs with 4-turns (for both 900 nm 
and 1500 nm seed spacing), and 42° for springs with 10 turns and 900 nm seed spacing. 
D 
2a 
hp 
πD 
α hp 
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The staircase geometry of springs with 10 turns and 1500 nm seed spacing was not possible 
to model as a coil. The tilted ellipse was translated along a helical path with the pitch and 
coil diameter given in Table 2.1. Finally, the tilted ends of the body were removed, 
flattening thus the two ends. The final model of the 4-turn coil and 900 nm seed spacing 
spring is shown in Figure 2.17(b). 
 
 
  
(a) (b) (c) 
Figure 2.17 (a) Schematic of a Si spring model generated in Solidworks™. (b) 3D and 
(c) meshed view of a 4-turn spring with 900 nm seed spacing. For the particular spring 
geometry, deposition/growth of the wire occurs at 32º. 
 
These spring models were imported to the commercial FE software ABAQUS™ 
for mechanical analysis. In the model, all the degrees of freedom were constrained at the 
bottom end of the springs in contact with the substrate. The top end was displaced along 
the axis, while constraining all other degrees of freedom, thus simulating a solid cap at the 
top of the springs. These fixed-fixed boundary conditions also corresponded to the 
tension/compression experiments with individual springs mounted onto MEMS-based 
tilted 
ellipse 
helical path 
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testing devices using Pt deposition. The models were populated with tetrahedral elements 
since they were providing the best meshing results, Figure 2.17(c). In the case of uncapped 
films, displacements were imposed to the centroid of the top (flat) surface of each spring 
in the film. The nodal forces in a cross-section at the mid-height of the springs was summed 
and plotted vs. the imposed displacements to compute the spring stiffness. 
 
2.5 In-Situ Lithiation of Columnar and Helical Si Structures 
In-situ lithiation of Si columns provided an estimate about the diffusion constant of 
Li in the particular Si structures, which was corroborated with the time required to lithiate 
the different types of Si springs. Individual Si columns and springs were isolated from films 
and mounted with an adhesive to the tip of a W probe. The test structures were brought to 
contact with Li metal via a nanomanipulator inside a FIB chamber. The surface of the Li 
metal formed Li2O after short exposure to air. Once the Si columns or springs were in 
contact with the Li2O surface, the electron-beam was focused near the contact point causing 
Li2O break-down and release of elemental Li atoms which diffused into the Si columns 
and springs. The reaction taking place has been reported as [46]: 
2Li2O → 4Li + O2 ↑ 
xLi + M → LixM 
Break-down of Li2O took place for electron beam intensities larger than 50 A/m
2, in 
comparison to prior reports of ~100 A/m2 [46].  
The test structures were subjected to pure chemical lithiation, which, compared to 
electrochemical lithiation, does not involve the application of an electrical potential 
between the anode and the cathode [46,74]. The evolution of the geometry of the Si 
columns and springs during lithiation was monitored at regular time intervals: Figures 
2.18(a,b) show a Si column and a Si spring before being chemically lithiated. High-
resolution SEM imaging during in situ chemical lithiation allowed us to measure the 
change in dimensions due to Li insertion and as a function of time. 
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(a)   (b) 
Figure 2.18 (a) Si column, and (b) Si 10-turn spring (900 nm seed spacing) before 
chemical lithiation. 
 
2.6 Summary 
The experimental methods described in this Chapter, will enable detailed and 
accurate studies of mechanical response of Si spring arrays in compression and shear. 
Compared to prior studies, the large test areas ensured a minimal role of edge effects, while 
the use of a flat punch guaranteed uniform displacement. The tests of individual Si springs 
with MEMS tools that have been tested thoroughly in the past in numerous prior studies 
by this group provide confidence in the experimental results. The comparison of film-level 
mechanical behavior with the calculated cumulative stiffness of individual springs will 
provide an estimate of the stiffening effect of lateral spring interactions. The experimental 
results will be compared with analytical models for the axial stiffness of open-coil springs, 
and FE models that are used to calculate the normal and transverse spring stiffness. Finally, 
the in situ chemical lithiation studies of single Si springs of different geometry and Si 
columns fabricated via GLAD described in the Chapter will help to evaluate the potential 
of this type of films as Li+ anodes. Measurement of elongation and volumetric expansion 
as a result of Li intercalation will be monitored as a function of time to establish estimates 
for the rate of lithiation for different types of nanostructures prepared by GLAD.   
Probe 
 Si column 
 
Li metal 
 
Li metal 
 
Si spring 
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CHAPTER 3 
 
 
 
 MECHANICAL BEHAVIOR OF INDIVIDUAL Si 
SPRINGS AND THEIR FILMS  
The nanospring films were comprised of amorphous and brittle Si, which by itself 
would not experience any plastic deformation until fracture. Mechanical testing of 
individual Si nanocolumns and nanosprings under tension/compression and shear is 
expected to result in a linear relation between force and displacement. Contact between 
adjacent springs would increase the film stiffness and also result in permanent deformation 
that may not be due to fracture. The mechanical behavior of columnar and spring-like Si 
nanostructures is investigated in this Chapter, to establish relationships between the 
mechanical response of individual units and their intertwined films. 
 
3.1  Compressive Behavior of Si Films 
The compressive moduli of Si spring films, as determined by Equations 2.1 and 2.2 
are shown in Figures 3.1(a-f) for uncapped Si films and in Figures 3.2(a-f) for capped Si 
films. The raw data for uncapped Si films in Figure 3.1 are adopted from reference [59] 
and have been corrected for the indenter stiffness as described in Chapter 2. The system 
stiffness that is entered in Equation 2.2 was measured in areas of the substrate which were 
cleaned from springs, but otherwise had all other elements of the test specimens with 
nanospring films. The correction for the system stiffness was obtained from the 
measurements shown in Figure 2.5. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 3.1 Compressive stiffness of uncapped films comprised of (a) 4-turn springs on 
unseeded substrate, (b) 4-turn springs with 900 nm seed spacing, (c) 4-turn springs with 
1500 nm seed spacing, (d) 10-turn springs on unseeded substrate, (e) 10-turn springs 
with 900 nm seed spacing, and (f) 10-turn springs with 1500 nm seed spacing. 
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(a) (b) 
  
(c) (d) 
  
(e) (f) 
Figure 3.2 Compressive stiffness (modulus) of capped films comprised of (a) 4-turn 
springs on unseeded substrate, (b) 4-turn springs with 900 nm seed spacing, (c) 4-turn 
springs with 1500 nm seed spacing, (d) 10-turn springs on unseeded substrate, (e) 10-
turn springs with 900 nm seed spacing, and (f) 10-turn springs with 1500 nm seed 
spacing. 
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In the majority of uncapped films, the effective compressive modulus increased 
with applied stress, potentially due to contact between adjacent springs and localized 
compaction that changed the effective spring length. In most cases, the loading moduli of 
uncapped and capped seeded springs were larger than the unloading moduli of the same 
springs, especially at high applied stresses, potentially signifying damage in the form of 
spring “buckling” or bending occurring during loading at high stresses which resulted in 
reduced unloading stiffness. Specifically, the uncapped 4-turn, 900 nm, 10-turn, 900 nm 
and 10-turn, 1500 nm springs films demonstrated loading moduli that were greater by 64%, 
13%, and 33%, respectively, with reference to the unloading value, than the unloading 
moduli at the highest applied stress of 50 MPa. The unseeded spring films exhibited smaller 
variations between loading and unloading moduli, which did not exceed 12%. The capped 
10-turn, 1500 nm seeded films exhibited a decrease in the effective compressive modulus 
at high stresses and large difference between the loading and unloading moduli at 30 and 
40 MPa (by 90%), due to fracture of the capping layer; as shown in Figure 2.2(d), the 
particular films had no overlap between springs and therefore the cap was not as cohesive. 
On the other hand, the capping layer restricted spring end rotations and independent 
bending, thus leading to higher compressive stiffness compared to uncapped films whose 
top end was unconstrained. In general, the deviation between the loading and unloading 
moduli of capped films was smaller than for uncapped films because the capping layer did 
not allow for independent spring bending during loading, and, thus, less damage that would 
reduce the unloading film stiffness. 
A direct comparison between the average unloading moduli of uncapped and 
capped 4-turn and 10-turn Si spring films is provided in Figures 3.3(a,b) and Figures 
3.4(a,b) for smaller stress range, for better definition of the data at low stresses where 
limited damage has been induced to nanosprings. In most cases the unloading modulus of 
capped films was larger than their uncapped counterparts, with the exception of films 
comprised of 10-turn coils with 900 nm seed spacing and unseeded Si films with 10-turn 
coils mainly at high stresses. At the lowest stress of 0.5 MPa, Figures 3.4(a,b), which is 
also the most technologically relevant, the stiffness of uncapped films with 4-turn springs 
was 28.4±0.4 MPa for 900 nm seed spacing, 51.1±1.2 MPa for 1500 nm seed spacing, and 
36.8±0.9 MPa for unseeded springs. In comparison, the stiffness of capped films with 4-
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turn springs was 12.7±0.2 MPa for 900 nm seed spacing, 45.8±1.5 MPa for 1500 nm seed 
spacing, and 22.2±0.3 MPa for unseeded springs. In the case of films comprised of 10-turn 
coils, the stiffness of uncapped films was 68.4±2.6 MPa for 900 nm seeding, 151.2±14.9 
MPa for 1500 nm seeding, and 34.3±0.8 MPa for unseeded films, whereas for the capped 
films, 45.3±1.5 MPa for 900 nm seed spacing, 142.3±13.7 MPa for 1500 nm seed spacing, 
and 23.0±0.6 MPa for unseeded films. For a tenfold increase in stress to 5 MPa, the stiffness 
of uncapped films with 4-turn springs was 50.3±1.3 MPa for 900 nm spacing and 46.8±0.4 
MPa for 1500 nm seed spacing, while unseeded spring films had the highest stiffness of 
60.5±0.8 MPa. For the same stress, the capped films had comparable stiffness. The 10-turn 
uncapped spring films demonstrated a different trend, with increasing stiffness from 
88.9±1.7 MPa for unseeded spring films, to 157.6±2.2 MPa for films with 900 nm seed 
spacing, and finally 238.5±4.4 MPa for 1500 nm seeding. Similar trends were observed for 
the capped 10-turn films, with unseeded film stiffness of 101.8±1.2 MPa, 134.1±2.0 MPa 
for 900 nm seed spacing, while springs with 1500 nm seed spacing demonstrated a fourfold 
increase, compared to 0.5 MPa stress, to 475.4±20.5 MPa. 
At the other extreme, at the highest applied stress of 50 MPa, Figures 3.3(a,b),  
uncapped films with 4-turn springs experienced a large variation in stiffness, starting at 
384±2 MPa for unseeded springs, to 743±5 MPa for springs with 900 nm seed spacing, and 
1516±14 MPa for 1500 nm seed spacing. The stiffness of the corresponding capped films 
was 1468±47 MPa for unseeded springs, 2755±121 MPa for films with 900 nm seed 
spacing, and 2688±100 MPa for 1500 nm seed spacing, namely all corresponding values 
were higher for capped films. As will be shown later, at such high stresses, the films have 
accumulated significant amount of irreversible compression. Uncapped films with 10-turn 
coils subjected followed a reverse trend: the stiffness for 900 nm seed spacing was 1499±26 
MPa, 1420±12 MPa for 1500 nm seeding, and 2073±78 MPa unseeded springs. In 
comparison to uncapped 10-turn spring films, capped films with 900 nm seed spacing had 
a stiffness of 559±4 MPa, 2829±79 MPa for 1500 nm seed spacing, and 257±17 MPa for 
unseeded films, namely a monotonic trend in stiffness values with respect to seed spacing. 
The capping layer provided great consistency in the mechanical behavior of 10-turn spring 
films as a function of coil wire thickness.  
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(a) 
 
(b) 
Figure 3.3 Compressive unloading film modulus of uncapped and capped films with (a) 
4-turn, and (b) 10-turn Si springs, subjected to different peak stresses. 
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(a) 
 
(b) 
Figure 3.4 Compressive unloading modulus of uncapped and capped films with (a) 4-
turn, and (b) 10-turn Si springs, subjected to different peak stresses. The data are the 
same as in Figure 3.3, here presented up to 15 MPa for better definition of the modulus 
values at low stresses. 
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Film cross-sections showed spring bending at stresses higher than 15 MPa. Figures 
3.5(a,b) show two capped test specimens after been subjected to 15 and 25 MPa, 
demonstrating coordinated bending of all springs in the directions indicated by the arrows. 
However, individual springs in uncapped films bent randomly. In addition to spring 
bending, the capping layer of films comprised of 10-turn springs with 1500 nm spacing 
fragmented at high stresses, which was reflected in the jumps in the load vs. displacement 
curves, Figure 3.5(c) and Figures C.3(b) - C.9(b) in Appendix C. In general, the capping 
layer of seeded and unseeded films comprised of 4-turn springs maintained its cohesion in 
the entire loading range due to major intertwining between springs, Figures 3.6, 3.7, and 
3.8. The capping layer of films comprised of 10-turn springs showed cracking for stresses 
≥15 MPa, as witnessed in Figure 3.9 for 10-turn springs with 1500 nm seed spacing.  
The final film thickness measured from post-mortem SEM images was divided by 
the initial film height to determine the permanent relative compression, plotted in Figures 
3.10(a,b) and 3.11(a,b) for capped and uncapped Si films. In the lower stress regime, shown 
in Figure 3.11, all films accumulated some permanent compression at 15 MPa. As shown 
in Figures 3.10(a,b), at stresses of 15-20 MPa, all films accrued permanent deformation. 
The data in Figures 3.10 and 3.11 are grouped to highlight the effect of capping on 
permanent deformation. Permanent compression increased with applied stress, reaching 
15-33% for all films at 50 MPa. Since the main focus of this research is the reversible 
deformation of nanospring Si films, the discussion is concentrated in applied stresses as 
high as 15 MPa at which most capped films were more resistant to permanent compression 
than uncapped films. Unseeded and uncapped films, although not providing the most 
recovery upon unloading, deformed quite uniformly upon compression; the close 
entanglement of springs in the film helped to maintain the film cohesion. Seeded films with 
the less overlap between springs showed damage at the specimen free edges, and bending 
of individual springs inside the specimen, Figure 3.5(a,b). Those uncapped seeded films 
also experienced the earliest permanent set, at stresses as low as 5 MPa. At this stress, Si 
films comprised of 4-turn coils with 900 nm and 1500 nm seed spacing sustained 6.3% and 
4.0% permanent, respectively. For Si films comprised of 10-turn coils, the uncapped and 
unseeded films exhibited 5.2% permanent set, while only one of the capped films had ~1% 
permanent compression. In all other cases, permanent compression between 0.5% and 
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7.9% took place for the first time at 10 MPa. At this stress, capped Si films were still more 
resistant to permanent compression: 4-turn springs with 900 nm seed spacing had no 
permanent compression, and those with 1500 nm seed spacing or no seeding had 0.5% and 
1.5% permanent set. 
 
  
(a)  (b) 
 
(c) 
Figure 3.5 Cross-sections of capped films with 10-turn springs and 1500 nm seed 
spacing subjected to (a) 15 MPa and (b) 25 MPa. The arrows show the tilt direction. (c) 
Film stress vs. displacement for the same capped film subjected to 40 MPa. The 
displacement jump/plateau is due to fragmentation of the capping layer. 
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Figure 3.6 Oblique views of Si films comprised of unseeded springs with 4-turn coils, subjected to compressive stress in the 
range 0.5 MPa to 50 MPa. 
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Figure 3.7 Oblique views of Si films comprised of 4-turn coils with 900 nm seed spacing, subjected to compressive stress in 
the range 0.5 MPa to 50 MPa.  
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Figure 3.8 Oblique views of Si films comprised of 4-turn coils with 1500 nm seed spacing, subjected to compressive stress in 
the range 0.5 MPa to 50 MPa. 
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Figure 3.9 Oblique views of Si films comprised of 10-turn coils with 1500 nm seed spacing, subjected to compressive stress 
in the range 0.5 MPa to 50 MPa. In this type of spring films, cracking of the capping layer occurred for stresses >15 MPa. 
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For stresses ≤20 MPa, films with 900 nm spring spacing were the most resistant to 
permanent deformation for both 4- and 10-turn coils. A drastic increase in permanent 
compression occurred for uncapped films with 10-turn coils and 900 nm seed spacing at 
15 MPa (7%) that reached 9% at 20 MPa. On the contrary, capped films with the same 
spring pitch and seed spacing showed merely 0.6% permanent deformation at 20 MPa, 
which jumped to 12.6% at 25 MPa, due to damage in the capping layer. The latter was 
manifested as a change in slope of the first loading curve at ~22 MPa, Figures C.6 - C.9 in 
Appendix C. Similar changes in slope during the first loading cycle were observed for the 
4-turn springs with 1500 nm spacing, at ~10 MPa and ~20 MPa, Figures C.4(a) - C.9(a). 
These changes in slope may be associated with the onset of permanent deformation in the 
respective stress regimes. These events in the loading curves occurred consistently in all 
plots shown in Appendix C. This feature of the force-displacement curves is potentially 
associated with the onset of coordinated spring bending, Figures 3.5(a,b). Seeded films 
with significant intertwining proved the most resistant to bending, and maintained a 
coherent capping layer, Figures 3.6-3.8. 
At higher stresses, the permanent set in 10-turn spring films varied greatly 
depending on the seed spacing: films with 1500 nm seed spacing demonstrated the largest 
permanent set, followed by those with 900 nm seed spacing and finally unseeded springs. 
Therefore, for stresses ≥20 MPa unseeded films provided a clear advantage in the case of 
10-turn springs, but limited advantage in 4-turn spring films. In general, films with 10-turn 
coils and 1500 nm seeding exhibited the largest permanent deformation, due to the lack of 
stabilizing lateral interactions between the adjacent springs, leading to coordinated spring 
bending, Figure 3.5(a,b), for stresses ≥15 MPa, while uncapped spring films demonstrated 
spring bending in random directions. Thus, for 10-turn films the majority of permanent 
deformation was due to spring bending. Except for films comprised of 10-turn springs with 
1500 nm spacing, the capping layer was intact in all other spring types after unloading. 
Cracking of the capping layer manifested itself in displacement jumps in the force-
displacement curves obtained via compression, corresponding to ~14 MPa. The capping 
layer on 10-turn coils benefited significantly the films with unseeded springs, and springs 
with 900-nm seed spacing.  
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(a) 
 
(b) 
Figure 3.10 Permanent compression of uncapped and capped Si films with (a) 4-turn, 
and (b) 10-turn springs. 
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(a) 
 
(b) 
Figure 3.11 Permanent compression of uncapped and capped Si films with (a) 4-turn, 
and (b) 10-turn springs. The data are the same as in Figure 3.10, presented up to 20 MPa 
for better definition of permanent compression at low stresses. 
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 In situ compression experiments inside an SEM provided insight into the process 
of film deformation during compression. Figures 3.12(a-c) show an uncapped 4-turn, 900 
nm seed spacing Si spring film, and Figures 3.13(a-c) show an uncapped 10-turn, 900 nm 
seed spacing Si spring film before been loaded, during and after been loaded to 20 MPa. 
The 4-turn Si springs maintained their structural integrity at most stresses. The springs 
compressed axially for ≤20 MPa, while bending began at higher stress, without residual 
bending. The 10-turn springs exhibited noticeable bending at 15 MPa, which remained 
during unloading, which is responsible for the much larger permanent compression of 10-
turn spring films with 1500 nm seeding. The permanent compression of a film with 4-turn 
springs and 900 nm seed spacing was 1.3%, 3.9%, 7.8% and 9.1% for 5 MPa, 10 MPa, 15 
MPa, and 20 MPa, respectively. Similarly, the permanent compression of a film with 10-
turn springs and the same seed spacing was 1.8%, 3.0%, 4.2% and 7.3% for 15 MPa, 20 
MPa, 25 MPa, and 30 MPa, respectively.  The permanent compression in both in situ SEM 
experiments was smaller than in the experiments conducted ex situ with a nanoindenter, 
Figure 3.11(a,b). The difference is attributed to the multiple loading cycles during the ex 
situ experiments, which may have resulted in the gradual packing of the springs. At higher 
stress values the permanent compression measured in situ and ex situ converged to similar 
values.  
In situ measurements of relative compression along uncapped springs showed 
uneven compression along the spring height: the first coil turn near the free end of the 4-
turn springs in Figure 312(b) was compressed by 19.4% (corresponding to 57.5% of the 
total compression), the second by 12.9% (corresponding to 37.5% of the total compression) 
and the remaining two turns were compressed only by 1.7% (corresponding to the 
remaining 5% of the total compression). The non-uniform compression of the Si springs is 
potentially an outcome of the top free end of the springs that is allowed to bend and deform 
while accommodating the applied force. 
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 (a)  
 
(b)  
 
(c) 
Figure 3.12 In situ compression of an uncapped Si spring film with 4-turns and 900 nm 
seed spacing: (a) Before compression, (b) at 20 MPa and (c) after unloading. 
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(a) 
 
 (b) 
 
(c) 
Figure 3.13 In situ compression of an uncapped Si spring film with 10-turns and 900 nm 
seed spacing: (a) Before compression, (b) at 20 MPa and (c) after unloading. 
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3.2 Tension/Compression and Shear Behavior of Individual Si Springs 
Tension and compression experiments with individual springs using MEMS 
devices provided force-extension/compression curves which were used to compute the 
initial spring stiffness. Figures 3.14(a,b) show the load vs. spring extension and 
compression graphs of four different types of springs subjected to tension and compression, 
respectively. All plots have been scaled for springs with gauge length 10 µm. Under 
tension, all springs behaved quite linearly, except for springs with 10 coil turns, resembling 
cork screws rather than open coils e.g. Figure 2.1(d), which showed non-linear behavior at 
higher forces, albeit linear in the majority of force range loading.  
For a gauge length of 10 µm the maximum extension was 8.4±1.2 % and 6.7±1.0 
% for 4-turn coiled springs with 900 nm and 1500 nm seed spacing and 3.4±0.5 % and 
1.2±0.3 % for 10-turn coiled springs with 900 nm and 1500 nm seed spacing.  Contrary to 
the tension results, after an initial linear segment, the majority of spring types behaved non-
linearly under compression, Figure 3.14(b), potentially due to progressive bending. The 
bending during the compression experiments resulted in larger displacement values in 
comparison to the springs subjected to tension, with the maximum compression being 
17.4±0.5 % and 11.8±0.2 % for 4-turn coiled springs with 900 nm and 1500 nm seed 
spacing and 4.8±0.4 % and 3.7±0.1 % for 10-turn coiled springs with 900 nm and 1500 nm 
seed spacing. Under tension, the average initial stiffness was 7.7±1.8 N/m and 18.5±3.7 
N/m for springs from films comprised of 4-turn coils with 900 nm and 1500 nm seeding, 
and 19.2±1.2 N/m and 215±88 N/m for springs from films comprised of 10-turn coils with 
900 nm and 1500 nm seeding, respectively. For the same types of springs the initial 
compressive stiffness was 7.3±2.1 N/m, 17.0±1.5 N/m, 23.0±1.4 N/m and 187±19 N/m, 
respectively. The reported compressive stiffness of individual 10-turn springs with 900 nm 
seed spacing is an average of all but one experimental result which was twice the average 
stiffness, and therefore was omitted. If that datum point was included, the initial 
compressive stiffness would be equal to 32.7±6.7 N/m and deviate significantly from the 
measured tensile stiffness. 
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(a) 
 
 
(b) 
Figure 3.14 Force vs. (a) extension, and (b) compression of individual 10-µm long Si 
springs. 
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The experimental measurements for individual spring behavior were compared to 
predictions by analytical spring models by Wahl [69,70] and Ancker and Goodier [71,72], 
as described by Equations 2.3 and 2.6, respectively. The cross-section of the wire 
comprising each Si spring was approximated as elliptical upon imaging by SEM and 
Equations 2.3 and 2.6 were modified accordingly. A comparison is presented in Figure 
3.15 and in Table 3.1: Springs with 4 turns were the closest to theoretical predictions while 
those with 10 turns exhibiting the largest deviations from the ideal spring behavior. The 
former, better approximated the open coil geometry modeled by Equations (2.3-2.8), while 
the latter, especially springs with 10 turns from films with 1500 nm seed spacing, which 
were cork-screw like and could not be modeled by the aforementioned models. The 
standard deviation values in Table 3.1 were computed from the results of at least three 
experiments.  
 
 
 
The compressive stiffness of individual springs was smaller than the predictions by 
Wahl’s model [69,70] by 13%, 2%, 26% and 389% and by Ancker and Goodier’s model 
[71,72] by 23%, 15%, 22% and 355% for springs from films with 4-turn coils and 900 nm 
seed spacing, 4-turn coils and 1500 nm seed spacing, 10-turn coils and 900 nm seed 
spacing, and 10-turn coils and 1500 nm seed spacing, respectively. Note that 10-turn coils 
Table 3.1. Axial stiffness of individual springs from experiments and analytical models. 
All stiffness values refer to 10-µm long springs.  
Spring type  
(number of turns, 
seed spacing) 
Experimental 
Compressive 
Stiffness 
(N/m) 
Experimental 
Tensile 
Stiffness 
(N/m) 
Stiffness by 
Wahl 
[69,70] 
(N/m) 
Stiffness by 
Ancker and 
Goodier 
[71,72] (N/m) 
4 turns, 900 nm 7.3 ± 2.1 7.7 ± 1.8 8.5 9.5 
4 turns, 1500 nm 17.0 ± 1.5 18.5 ± 3.7 24.0 19.3 
10 turns, 900 nm 23.0 ± 1.4 19.2 ± 1.2 18.3 18.9 
10 turns, 1500 nm 187 ± 19 215 ± 88 38.2 41.1 
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with 1500 nm seeding are not regular coils and any comparisons with analytical models 
are provided here in a loose sense. Similarly, the tensile stiffness of individual Si springs 
was smaller than analytical predictions by Wahl’s model by 9% and 7%, for 4-turn springs 
with 900 nm and 1500 nm seed spacing, respectively, and larger by 5% and 462% for 10-
turn springs with 900 nm and 1500 nm seed spacing, respectively. Compared to Ancker 
and Goodier’s model, the tensile stiffness of individual Si springs was smaller by 19% and 
7% for 4-turn springs with 900 nm and 1500 nm seed spacing, respectively, and by 2% and 
423% for 10-turn springs with 900 nm and 1500 nm seed spacing, respectively. Notably, 
individual springs with 4 turns (1500 seed spacing) and 10 turns (900 seed spacing) had 
comparable tensile stiffness and predicted stiffness by Equations (2.3-2.6). However, at the 
film level, the two types of films reached the same stiffness values only when the applied 
stress reached 10 MPa, while at lower stresses, films comprised of 4-turn coils with 1500 
nm seed spacing had approximately half the stiffness of films with 10-turn coils and 900 
nm seed spacing. It should be noted that several tens of percentage points difference 
between the computed and the experimental values can easily arise from propagation of 
error in the measurement of the major and the minor axes of the elliptical wire cross-
section, Table 2.1, in Equations 2.3 and 2.6. For instance, a 10% overestimate in the value 
of the minor axis of a 4-turn spring, (900 nm seeding) compared to the average value 
reported in Table 2.1 would result in 29% increase in the stiffnesses predicted by both 
Wahl’s and Ancker and Goodier’s models. 
The reliability of measurements at the individual spring level depend on the rigidity 
of the Pt tabs deposited with a FIB, which was confirmed after the testing of each spring, 
also ensuring that failure did not initiate at the grips. Figures 3.16(a-c) show the failure 
segments of springs with 4 and 10 coil turns after tensile testing. All springs tested in 
tension or compression failed in the gauge section at random locations. 
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Figure 3.15. Comparison between measured tension/compression stiffness of individual 
Si springs and analytical predictions by Wahl’s [69,70] and Ancker and Goodier’s ideal 
coil models [71,72]. All stiffness values refer to 10-µm long springs. Logarithmic scale 
is used to show all results clearly in the same graph.  
 
Bending (shear under constant height) tests of individual springs provided force vs. 
bending deflection curves as a function of spring geometry. Figure 3.17 shows typical force 
vs. deflection plots. The bending stiffness of individual Si springs under bending was 
0.9±0.3 N/m for 4-turn coils (900 nm seed spacing), 3.1±1.4 N/m for 4-turn coils (1500 
nm seed spacing), 1.3±0.4 N/m for 10-turn coils (900 nm seed spacing), and 19.3±2.6 N/m 
for 10-turn coils (1500 nm seed spacing). All plots have been adjusted for gauge length of 
10 µm. The average initial transverse (bending) stiffness exhibited large standard 
deviations, which may imply that the experimental results are sensitive to the precise 
orientation of the springs as mounted onto the MEMS testing device with respect to their 
neutral axis. The force vs. bending deflection graphs of individual Si springs from films 
with 4-turn coils and 900 nm seed spacing, 4-turn coils and 1500 nm seed spacing, and 10-
turn coils and 900 nm seed spacing were linear, and only springs with 10 turns and 1500 
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nm seed spacing demonstrated non-linearity. Similarly to individual tension/compression 
results, individual springs with 4-turn coils from films with 1500 seed spacing, and 10-turn 
coils from films with 900 seed spacing had the same bending stiffness. As shown in Figure 
3.18(a), films comprised of these two types of springs had the same shear stiffness. It 
remains to be shown whether shear stiffness data at the single spring level could be used 
successfully to make predictions at the film level. 
 
  
(a) (b) 
 
(c) 
Figure 3.16. Failure segments of a (a,b) 4-turn and (c) 10-turn Si springs from film with 
900 nm seed spacing subjected to tension.  
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Figure 3.17. Load vs. bending deflection of individual Si springs. All bending deflection 
values are for 10-µm long springs. 
 
Figure 3.18(a) presents the bending stiffness of individual Si springs. These values, 
multiplied by the area density of seeding provided an estimate for the shear film stiffness, 
which in turn was compared to the shear stiffness of capped films [59]. Capped films were 
utilized in the shear film experiments in [59] to avoid penetration of the adhesive between 
the springs. As shown in Figure 3.18(b), the estimates and measurements were in excellent 
agreement for 4-turn springs with 900 nm spacing, which implies that the lateral spring 
interactions are not as important for the shear strains applied until failure, since the film 
shear response was quite linear throughout the experiment. The measured film shear 
stiffness was larger than the calculated value for films comprised of 4-turn springs with 
1500 nm spacing and 10-turn springs with 900 nm seed spacing, implying that lateral spring 
interactions may have had a larger contribution to the film shear stiffness. Finally, the 
measured and predicted data were not in agreement for films with 10-turn springs and 1500 
nm seed spacing; the estimated film shear stiffness value in Figure 3.18(b) is potentially 
more reliable than the experimental value, because of likely early debonding of these 
columnar Si coils at their base. 
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(a) 
 
(b) 
Figure 3.18. (a) Individual spring bending stiffness. (b) Shear film stiffness as measured 
and estimated from individual spring data [59]. All individual spring stiffness values 
refer to 10-µm long springs. The logarithmic scale ensures that all results are shown 
properly in the same graph. 
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Spring type  
(number of turns, 
seed spacing) 
Experimental 
Spring Bending  
Stiffness (N/m) 
Computed Film 
Shear Stiffness 
using Spring 
Stiffness (MPa) 
Experimental Film 
Shear Stiffness 
(MPa) 
4 turns, 900 nm 1.1±0.4 15.5±6.1 16.8±1.8 
4 turns, 1500 nm 3.1±1.4 15.8±7.1 25.7±2.0 
10 turns, 900 nm 3.4±1.3 47.9±19.0 26.1±4.7 
10 turns, 1500 nm 31±15 158±76 6.6±0.6 
 
The role of lateral spring interactions on the axial and transverse stiffness was 
further investigated via MEMS-based experiments with two or more springs, Figure 2.13. 
The failure sections of a pair of springs subjected to compression are shown in Figure 
3.19(a) and a comparison of force vs. compression and bending deflection between a single 
and two springs is shown in Figures 3.19(b,c), respectively. In compression, the initial 
stiffness of the pair of springs was 17.2 N/m, which is ~2.3 times the average stiffness 
value of a single spring. This implies 15% increase per spring, which falls within the 
standard deviation of the individual measurements. Although the graph for two 4-turn 
springs may appear more linear compared to that of an individual spring, the onset of non-
linear response occurred at the same amount of compression, approximately at 400 nm 
compression of a 10 µm long springs, namely 4% compression. This amount of 
compression corresponded to 4.2 MPa applied stress at the film level. 
The force vs. bending deflection of two springs resulted in almost three times the 
average bending stiffness of a single spring (4.8 N/m). Similarly to the compression 
experiment with two springs, the 50% increase in stiffness per spring is comparable to the 
standard deviation computed from the individually tested springs, Table 3.2. Notably, the 
compressive or bending force at failure of a pair of two springs was marginally larger than 
Table 3.2 Bending stiffness of individual springs, and calculated and experimentally 
measured film shear stiffness. All stiffness values refer to 10-µm long springs.  
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for a single spring. In the case of compression, single springs demonstrated a linear regime 
that corresponds to spring compression, followed by “softening” due to out-of-plane 
deflection. In the case of two springs, deviation from linearity occurred at approximately 
twice the applied force, yet the same compressive strain, Figure 3.19(a), at which the 
springs deflected together. When the springs ceased to constrain each other, the large 
elastic energy stored in the folded beams of the MEMS device loadcell, Figure 2.11, caused 
unstable loading of the springs that bent and fractured. A test device with true displacement 
control would allow collecting data at larger compression levels.   
 
  
(a) 
  
(b) (c) 
Figure 3.19 (a) A pair of springs after compression testing. (b) Force vs. compression, 
and (c) force vs. bending deflection of a single and two 4-turn springs from a Si film with 
900 nm seed spacing. All curves refer to 10-µm gauge length. 
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The standard deviation of bending values of individual springs was significant 
(varying from 39% to 48%), potentially due to inconsistent mounting of Si springs onto 
the MEMS devices. Figures 3.20(a,b) show two different force-deflection responses from 
two 4-turn springs with 1500 nm seed spacing. The gauge length of the two springs in 
Figures 3.20(a,b) differs by half a turn, therefore the mounted ends of the second spring 
are on opposite sides of the coil. The effect of the direction of shear loading with respect 
to the coil geometry on the spring deflection is investigated in a following section of FE 
calculations. 
 
 
 
(a) 
 
 
(b) 
Figure 3.20 Force vs. deflection graphs and SEM images of two 4-turn springs mounted 
on MEMS devices. The mounting direction of the springs had an effect on the shear 
stiffness.  
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3.3 Tensile Properties of GLAD Si Columns 
The material behavior of Si fabricated by the GLAD process is not known, although 
low temperature deposition implies that the structure is amorphous. The elastic modulus of 
amorphous Si is 94 GPa [75]. Individual Si columns prepared by GLAD were subjected to 
microscale tension tests to obtain the material stiffness, Figure 2.15. Compliant MEMS 
devices were used for these experiments with nominal stiffness of 1.2 N/m. Figure 3.21 
shows a force vs. extension graph of a Si column. The stiffness of the three Si columns 
with different gauge sections varied between 59.2 N/m and 69.1 N/m (corresponding to 
35.8 - 41.4 N/m for 10-μm long Si columns), in part due to variations in specimen 
thickness. The specimens were approximately conical along their length which was taken 
into account in the calculation of the elastic modulus. Specifically, the elastic modulus is 
related to the specimen stiffness and geometry as: 
𝑬 =
𝒌𝑳
𝝅(𝑹𝟐 − 𝑹𝟏)𝟐
 (3.1) 
where k is the specimen stiffness, L is the gage length and R1 and R2 are the radii at the two 
ends of the specimen. The radii were measured in post-mortem SEM images and the elastic 
modulus of the Si columns was found 67±12 GPa, namely 29% lower than the elastic 
modulus of amorphous Si [75]. Using the smallest cross-section area, the strength of the Si 
columns was estimated as 420±160 MPa, which agrees well with the strength of amorphous 
Si films measured before by this lab as 425±75 MPa [75]. A primary reason for the large 
standard deviation in the measured modulus is the variation of the column radius along its 
length which is raised to the second power in Equation 3.1. Another source of error was 
the small total extension of the column, Figure 3.21, in the range 0.06-0.10 μm, which is 
of the same order of magnitude as the experimental accuracy of 0.1 pixels (20-25 nm). 
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Figure 3.21 Force vs. extension of an individual Si column. The radius of the column 
varied along the length of the specimens. 
 
 
3.4 Finite Element Analysis of Individual Spring Response 
3.4.1   Validation of Analytical Models 
Calculations were first carried out for the compression of ideal coils with large coil-
to-wire radii to evaluate the agreement of the FE model with the analytical models in 
Equations 2.3-2.6. In Figures 3.22(a-d) the coil-to-wire diameter ratio is 8 and the pitch 
angle is 5°. The larger coil-to-wire diameter ratio ensured compatibility with existing 
analytical models, and the large number of turns reduced the contribution of end effects.  
For a spring with 20 turns, 4 µm coil diameter, 0.5 μm wire diameter, 1 µm pitch, 
elastic modulus of 67 GPa and Poisson’s ratio of 0.22 [76], Wahl’s model predicts a 
stiffness of 0.167 N/m [69,70] and Ancker and Goodier’s 0.168 N/m [71,72]. For the same 
spring, the FE model in Figure 3.23(a) provided the tensile stiffness as 0.168 N/m and 
compressive stiffness as 0.166 N/m. The agreement between the FE solution and the 
analytical solution provides confidence in the applicability of the analytical solution to 
coils with geometrical aspect ratios comparable to those in Figure 3.22.    
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(a) (b) (c) (d) 
           
0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 -1.8 -2.0 
Vertical displacement (μm) 
Figure 3.22 FE analysis of an ideal 20-coil spring with 1 µm pitch: (a) undeformed, (b) 
2.5%, (c) 7.5%, (d) 10% compression. The top end is allowed to move only in the 
longitudinal spring direction. 
 
The stiffness of ideal coils with a large number of turns was predicted accurately 
by Wahl’s [69,70] and Ancker and Goodier’s [71,72] analytical models. A similar FE 
analysis was carried out for shorter, 4 and 10 turn coils, while keeping the coil and wire 
diameters constant, to investigate the effect of boundary conditions on the calculated 
stiffness. Figure 3.23(b) shows the force vs. compression of coils with 4, 10 and 20 turns, 
for up to 10% compression. The reduction in the number of coil turns had practically no 
additional stiffening effect due to fixed spring ends: by reducing the number of turns from 
20 to 10, the stiffness doubled, as expected, since the stiffness is inversely proportional to 
the number of turns [69-72]. Further decrease in the number of coil turns to 4, led to 
additional stiffening by 10.6% which may be due to spring end effects. The compressive 
stiffness of ideal 10-turn springs was larger by 1.6% and 1.3% than Wahl’s and Ancker 
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and Goodier’s solution, respectively, and the compressive stiffness of ideal 4-turn springs 
was larger by 12.4% and 12% than Wahl’s and Ancker and Goodier’s models, respectively. 
Overall, the stiffness of ideal coils was predicted accurately by Wahl’s and Ancker and 
Goodier’s analytical models. 
 
  
(a) (b) 
Figure 3.23 Force vs. displacement of (a) an ideal Si coil with 20 turns under tension 
and compression. (b) Force vs. displacement of ideal Si coils with 4, 10 and 20 turns.  
 
The agreement between analytical models and FE calculations was further 
investigated for geometries that approximated the Si springs tested in this thesis. Springs 
with pitch and coil diameters identical to the 4-turn and 10-turn springs with 900 nm seed 
spacing (Table 2.1) were modeled to assess whether the effects of small coil-to-wire 
diameter ratio and large pitch angle could be captured accurately by the analytical models 
in Equations 2.3-2.8. As mentioned in Chapter 2, the elliptical wire cross-section was 
accounted for in the analytical models by using the torsional rigidity for a wire with 
elliptical cross-section. However, this modification does not adequately address the effect 
of the elliptical wire geometry on the correction factor in Wahl’s model in Equation 2.5. 
Therefore, as a first step, the analytical models were compared to FE calculations for 
springs with the same geometry as the GLAD fabricated springs except that the elliptical 
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cross-section was replaced in both the analytical and the FE models with a circular cross-
section, whose diameter was calculated by equating the moment of inertia values for the 
elliptical cross-section with a torsionally equivalent circular cross-section. The equivalent 
diameter of springs with 4 turns and 900 nm seed spacing was 490 nm, whereas the 
diameter of springs with 10 turns (900 seed spacing) was 510 nm. Figure 3.24 shows a 
comparison between the analytical and the FE results. The FE tension results are a better 
reference for comparison because the analytical models do not predict lateral spring 
deflection. For 4-turn coils, the predictions by Wahl [69,70] and Ancker and Goodier 
[71,72] were smaller by 5.6% and 3.8% than the FE tension results. In the case of 10-turn 
coils, the analytical models by Wahl and Ancker and Goodier were larger by 11.5% and 
15.2% than the FE tension results, respectively. The increased deviation compared to 4-
turn springs, is due to the decrease in the coil-to-wire diameter ratio from ~3 to ~2: As 
expected, the results from FE analysis and the analytical models were in better agreement 
with each other for springs whose geometry better approximated ideal open coils with large 
coil-to-wire diameter ratio. 
As mentioned above, the predictions by the analytical models by Wahl [69,70] and 
Ancker and Goodier [71,72] could further deviate from experimental measurements on 
GLAD springs because of the simple substitution of the moment of inertia for a circular 
cross-section with that for an elliptical cross-section in Equations 2.3-2.6. The analytical 
models calculate the stiffness of an ideal coil constructed by “winding” a wire around a 
cylindrical core following a helical path. Note that “winding” is applied only for model 
construction purposes and does not result in stored elastic energy. During “winding”, the 
cross-section of the wire also rotates with respect to the longitudinal axis of the spring, as 
shown in Figure 3.25(a) in which the elliptical wire cross-section revolves by 360º for 
every full coil turn. Note that this model geometry deviates from the actual geometry of 
the GLAD coils in which, by virtue of the deposition process, the major axis of the elliptical 
cross-section always points to the axis of symmetry of the coil. The stiffness of the spring 
model in Figure 3.25(a) was compared with the analytical models to validate the insertion 
of the moment of inertia for an elliptical cross-section.  
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(a) 
 
(b) 
Figure 3.24 Calculated stiffness of a (a) 4-turn, and (b) 10-turn spring with circular 
cross-section. The rest of the geometrical parameters are the same as those in Table 2.1 
for 900 nm seed spacing. 
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(a) (b) 
Figure 3.25 (a) A 4-turn, 900 nm seed spacing, spring with the elliptical cross-section 
of its wire rotating with respect to the longitudinal direction. (b) Comparison between 
analytical and FE calculations for the spring in (a).  
 
As shown in Figure 3.25(b), Wahl’s [69,70] and Ancker and Goodier’s models 
[71,72] underestimated the tensile coil stiffness by 16.5% and 43%, respectively. Although 
the deviation of analytical from FE calculations may appear significant, as will be shown 
later, it is of the same order as the experimental uncertainties and, therefore, the analytical 
results still represent useful first order estimates. Similar FE models were prepared for 
springs with 4 turns, 1500 nm, and 10 turns, 900 nm seed spacing. A comparison of the FE 
and the analytical model results for tensile loading is shown in Figures 3.26(a,b). Because 
of no simple modification to equation 2.3 to account for the rotation of the elliptical wire 
cross-section along the coil axis, the extreme values of the major axis, a, and minor axis, 
b, where raised to the third power in Ib and Ia, respectively, in equation 2.3; In Figures 3.25 
and 3.26 these two extreme cases are referred to as “Wahl major axis” and “Wahl minor 
axis”, respectively. For a 4-turn, 1500 nm seed spacing, spring, Figure 3.26(a), Wahl’s 
model using Ia and Ancker and Goodier’s models underestimated the spring stiffness by 
59% and 97%, respectively. At the other extreme, using Ib in Wahl’s model [69,70] 
overestimates the spring stiffness by only 9%. 
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(a) 
 
(b) 
Figure 3.26 Comparison between analytical and FE stiffness calculations for a (a) 4-
turn, 1500 nm seed spacing, spring, and (b) 10-turn, 900 nm seed spacing, spring with 
the elliptical cross-section of the wire revolving by 360 in every full coil turn. Note that 
the calculations by Wahl’s model agree quite well with those by Ancker and Goodier’s 
model for Ia= πab3/4. 
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For a 10-turn, 900 nm seed spacing, spring, Wahl’s and Ancker and Goodier’s 
models overestimated the spring stiffness by 27% and 20%, respectively. The results in 
Figures 3.25 and 3.26(a,b) depend on the spring geometry: the analytical models 
overestimated the stiffness of springs with smaller coil-to-wire diameter ratio (10-turn, 900 
nm), whereas the opposite was the case springs with smaller coil-to-wire diameter ratio (4-
turn, 900 nm and 4-turn, 1500 nm). Independently from the spring geometry, the deviation 
of the analytical model results from the FE calculations shows that major modification in 
the models is required to capture the stiffness of coils with elliptical wire cross-section. 
 
3.4.2 Calculation of Axial Stiffness of GLAD Nanosprings via FEM 
FE analysis was carried for the spring geometries produced via GLAD (Table 2.1). 
In all calculations, the average elastic modulus of 67 GPa as measured from the Si GLAD 
columns, Section 3.3, was used. Figures 3.27(a-h) show the FE results for a 10-turn coil 
subjected to compression and tension, respectively. The bottom end was fixed against 
rotation and translation, and the top end was fixed against rotation and was subjected to 
vertical translation. As shown, the small coil-to-wire radii resulted in spring “buckling”† 
for 10% top end displacement which decreases the effective compressive stiffness. The 
force vs. displacement graph derived from the data in Figures 3.27(a-h) is shown in Figure 
3.28. The initial compressive spring stiffness was 23.1 N/m, which in very good agreement 
with the initial compressive stiffness of 23.0 N/m, while the initial tensile spring stiffness 
was 24.0 N/m, and it was 20% smaller than the experimental tensile stiffness of 19.2 N/m. 
According to the FE model, springs with 10-turns and 900 nm seed spacing followed non-
linear curves for compression ratios larger than 4% due to off-axis deflection. Similar non-
linearity was observed in experiments with individual Si springs, albeit the threshold strain  
                                                 
† The term buckling is given in quotation marks because it does not imply a sudden instability as in perfect 
columns, rather, the spring geometry allows for initially continuous bending until sudden failure. 
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Vertical displacement (μm) 
Figure 3.27 FE of a 10-turn coil with 900 nm seed spacing subjected to (a-d) top end 
compression and (e-h) tension: (a,e) undeformed, (b,f) ±2%, (c,g) ±6%, (d,h) ±10% 
deformation. The top end is allowed to move only in the longitudinal direction. 
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Figure 3.28 Force vs. displacement of a 10-turn coil (900 nm seed spacing) under tension 
(blue) and compression (red). The vertical line shows the approximate point of departure 
of the compressive behavior from linearity (~5% compression). 
 
was only ~2%, potentially due to imperfections in the true spring geometry and/or 
specimen misalignment. Similar FE simulations were carried out for springs with 4 turns 
with 900 nm and 1500 nm seed spacing. As shown in Figures 3.29(a-h), the larger coil 
diameter of the 4-turn springs prevented “buckling” for applied displacements of up to 
10%. The initial tensile and compressive stiffness values of 4-turn springs (900 nm seed 
spacing) were 12.9 N/m and 11.3 N/m, respectively, Figure 3.30(a), which were larger by 
40% and 35% from the experimental values. Comparable was the deviation of the tensile 
and compressive stiffness values computed via FE from the experimental results for springs 
with 4 turns and 1500 nm seed spacing, Figure 3.30(b). The calculated stiffnesses were 31 
N/m and 27 N/m for tension and compression, respectively, both overestimating the 
experimental results by 40%. 
Further comparisons can be drawn between the FE solution and the analytical 
solutions, albeit, contrary to the results in Figure 3.25, this time the wire is “wound” 
differently in the analytical and the FE models. As shown in Figure 3.31, Wahl’s model  
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Figure 3.29 4-turn Si spring (900 nm seed spacing) subjected to (a-d) top end compression 
and (e-h) tension: (a,e) undeformed, (b,f) ±2%, (c,g) ±6%, (d,h) ±10% deformation. The 
top end is allowed to move only in the longitudinal direction. 
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(a) (b) 
Figure 3.30 Force vs. displacement of (a) a 4-turn spring with 900 nm seed spacing, and 
(b) a 4-turn spring with 1500 nm seed spacing, under tension (blue) and under 
compression (red). 
 
 
Figure 3.31 Stiffness of 10-µm long individual Si springs derived from experiments, 
analytical and FE models. The stiffness values shown at the top of each bar were rounded 
to the next integer. 
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underestimates the tensile spring stiffness by 34%, 44% and 24% for springs with 4-turns 
and 900 nm seeds spacing, for springs with 4-turns and 1500 nm, and for springs with 10-
turns and 900 seed spacing, respectively. Similarly, Ancker and Goodier’s model also 
underestimates the tensile spring stiffness of the same types of spring films by 26%, 36% 
and 21%, respectively. The compressive stiffness computed by FE was relatively smaller 
than the tensile stiffness due to the additional axial displacement accumulated by lateral 
spring deflection during compression, as the springs were not loaded directly along the axis 
of symmetry. Therefore, analytical models implemented for coils with elliptical wire cross-
section could not provide very accurate estimates for the true spring stiffness. All prior 
studies [35-37,39] of GLAD springs assumed circular spring wire cross-section 
[69,70,71,72,77], which here is shown to result in potentially significant errors. 
According to Figure 3.31, the FE models always overestimated the experimental 
results, with the 4-turn springs, 900 nm seed spacing, showing the largest relative deviation. 
The analytical models could provide guidance for the major sources of uncertainty: 
According to Equation 2.1 small errors in determining the major and minor wire axes, as 
well as variations of these values along a spring, Figure 2.1, amplify the uncertainty of FE 
calculations: For instance, an increase only in the value of the minor axis by 10% increases 
the tensile stiffness predicted by Wahl’s model by 26%. The analytical models are sensitive 
to the length of the minor axis which is raised to the second and third powers in the 
calculation of the moment of inertia. The smallest deviation between the analytical and the 
FE model calculations was observed for the 10-turn springs. The minor axis of these 
springs did not vary as dramatically along the helix as in 4-turn, 900 nm and 1500 nm 
seeded springs, Figures 2.1(a-c), which could have resulted in smaller uncertainty in the 
measurement of the minor axis.  
Additional minor factors contributing to the deviation between the FE model and 
the experimental results are the elastic properties. The axial coil stiffness scales with the 
first power of the elastic properties compared to the second or higher (potentially fourth) 
power of the wire dimensions. The elastic modulus measured for Si columns (67±12 GPa) 
was utilized to make predictions for the Si springs, which have different microstructure as 
shown in Chapter 4. Furthermore, value of Poisson’s ratio for amorphous Si was adopted 
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from literature [76] which may be quite different from that of GLAD Si. The Poisson’s 
ratio value can vary with porosity: 20% porosity can result in 10% larger Poisson’s ratio 
[78]. Finally, the directional growth of the Si columns and springs may result in elastic 
anisotropy which is not possible to quantify. 
The propagation of error in the calculation of the spring stiffness due to the 
aforementioned sources was in part assessed in Appendix F [79]. For example, the 2.6% 
and 6.3% relative uncertainty in the values of the major and the minor axes reported in 
Table 2.1 resulted in 21% relative uncertainty in the value of the torsional constant for an 
elliptical cross-section. The uncertainty is expected to increase dramatically if the variation 
of the minor axis along the helical path is taken into account. The calculation of shear 
modulus using the theoretical value of Poisson’s ratio with ~10% uncertainty due to 
porosity (0.22±0.02) resulted in only 1.6% uncertainty in the calculation of the shear 
modulus. Furthermore, the 18% relative uncertainty in the measured elastic modulus, as 
quantified by the standard deviation and the average value of the experimental 
measurements, translates into 18.0% relative uncertainty in spring stiffness. Overall the 
uncertainty in the wire cross-section (mainly the minor axis) is considered as the main 
contributor to the difference between the FE calculations and the experimental 
measurements. 
FE simulations were also carried out to calculate the bending stiffness of individual 
springs. In these simulations, the bottom spring end was fixed against rotation and 
translation and the top end was fixed against rotation while subjected to translation along 
each of the four different quadrants: 0º, 180º, 90º and 270º as defined in Figure 3.32 and 
the shear and normal resultant forces were calculated. Figures 3.33(a,b) show the shear and 
normal force components vs. displacement, for a spring with 4 coil turns (900 nm seeding), 
respectively. Lateral deflection in four different directions resulted in the same shear force 
resultant, with bending stiffness averaging 0.47±0.02 N/m in all four directions. The 
bending stiffness computed by FE modeling deviated by 48% from the experimental value 
of 1.1 ± 0.4 N/m. The FE model restricted axial displacements at the spring ends (which is 
the equivalent of bending a guided beam), which generated a normal force component, 
Figure 3.33(b), which for transverse displacements larger than 1 µm resulted in twice the 
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value of the shear force. The largest normal force was recorded for shear displacement at 
0° in Figure 3.32 and the smallest in 180° direction, yet still larger in magnitude compared 
to the shear force. It is noteworthy that the normal force component for a displacement 
applied in 180° is compressive at small displacements. The significant normal component 
of force could explain the discrepancies recorded for different spring loaded in shear, 
Figures 3.20(a,b), since the MEMS device, although much stiffer in the axial than in the 
transverse spring direction, was still possible to deflect and accommodate some of the axial 
displacement induced during bending.  
 
 
Figure 3.32 Definition of geometry used in FE simulations of shear loading. 
 
As noted in Figures 3.20(a,b), differences in the location where a spring was 
mounted on a MEMS testing device could cause asymmetric loading and different shear 
response. To examine the effect of asymmetry, a FE model of a 2.5-turn spring was 
subjected to transverse displacements in the directions shown in Figure 3.32. Figures 
3.34(a,b) show the shear and the normal force components, respectively. The initial 
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bending stiffness was 2.0±0.1 N/m, which corresponds to 1.25±0.06 N/m for a 4-turn 
spring.  
  
(a) (b) 
Figure 3.33 (a) Shear force vs. displacement and (b) normal force vs. displacement of a 
4-turn coil with 900 nm seed spacing for the four directions marked in Figure 3.32. 
 
 
  
(a) (b) 
Figure 3.34 (a) Shear force vs. displacement and (b) normal force vs. displacement of a 
2.5-turn coil with 900 nm seed spacing for the four directions marked in Figure 3.32. 
0
0.2
0.4
0.6
0.8
1
1.2
0 0.4 0.8 1.2 1.6
S
h
e
a
r 
F
o
rc
e
 (
µ
N
)
Deflection (µm)
0° 180° 90° 270°
-0.5
0
0.5
1
1.5
2
0 0.4 0.8 1.2 1.6
N
o
rm
a
l 
F
o
rc
e
 (
µ
N
)
Deflection (µm)
0° 180° 90° 270°
0
1
2
3
4
5
0 0.4 0.8 1.2 1.6
S
h
e
a
r 
F
o
rc
e
 (
µ
N
)
Deflection (µm)
0° 180° 90° 270°
0
1
2
3
4
5
0 0.4 0.8 1.2 1.6
N
o
rm
a
l 
F
o
rc
e
 (
µ
N
)
Deflection (µm)
0° 180° 90° 270°
80 
 
Comparing the results of the models with 2.5- and 4-turn springs (900 nm seed 
spacing), the bending stiffness of the model with the 2.5 turns spring scaled to 4 turns 
(1.25±0.06 N/m) was 3 times larger than that of the model of a spring with 4 coil turns 
(0.47±0.02 N/m). Therefore, the fixed ends of a short spring subjected to bending 
contributed to the computed bending stiffness. This boundary effect manifested itself in the 
significant standard deviation observed in the experimental bending results. 
FE models with fixed-free boundary conditions were created to study the process 
of spring deformation in films similar to those in the in situ SEM film compression, Figures 
3.12(a-c) and Figures 3.13(a-c). Displacement was imposed on the centroid of the top end, 
otherwise free, surface of the wire coil. Figure 3.35(a) shows a fixed-free 4-turn spring at 
0.2 µm compression. The deformed configuration of the FE model is compared to in situ 
imaging for the same amount of compression, showing that the FE model captures well the 
deformed geometry. On the other hand, the FE model showed that a 10-turn spring 
subjected to the same amount of end compression incurs significant bending, Figure 
3.35(b), which agrees with in situ observations in films comprised of the same type of coil. 
The undesirable bending of 10-turn coils was suppressed in the presence of a solid cap 
which, in turn, resulted in significantly smaller permanent compression, Figures 3.10 and 
3.11, but in general not higher stiffness, Figures 3.3 and 3.4. 
Finally, the FE calculations for 4-turn and 10-turn springs (only 900 nm seed 
spacing) subjected to lateral displacement are compared to the experimental results in 
Figure 3.36. The FE prediction with the best agreement with the experimental results was 
that for 4-turn springs with 1500 nm seed spacing, deviating by only 6%. On the other 
hand, the FE prediction for the 4-turn, 900 nm seed spacing, and 10-turn, 900 nm seed 
spacing springs deviated by 57% and 84%, respectively.  
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(a) 
 
 
(b) 
Figure 3.35 Deflection of (a) a 4-turn coil with 900 nm seed spacing and (b) a 10-turn 
coil with 900 nm seed spacing spring subjected to 20 MPa compressive stress. In the FE 
model, the 4-turn, 900 nm seed spacing, spring was subjected to 10% compression, and 
the 10-turn, 900 nm seed spacing, spring to 7% compression, both at 20 MPa 
compressive stress. 
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Although the FE predictions deviated significantly from the experimental 
measurements for single Si springs, there was very good correspondence between the 
single spring bending results and the film of springs shear results, Figure 3.18(b), which 
implied that the discrepancy between the FE calculations and the single spring 
experimental results may be due to uncertainties in the geometrical spring model in the FE 
model, and errors in the description of the exact boundary conditions in the FE model. 
 
 
Figure 3.36 Bending stiffness of 10-µm long individual Si springs obtained from 
experiments and FE modeling.  
 
 
3.5  Comparison between Film and Individual Spring Experiments 
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for contact between neighboring springs in a film was estimated from the spacing between 
springs in side view SEM images as 4.9 MPa for films of 4-turn coils and 900 nm seed 
spacing, 4.7 MPa for films of 4-turn coils and 1500 nm seed spacing, 7.5 MPa for films of 
10-turn coils with 900 nm seed spacing. 
Films comprised of 10-turn coils with 1500 nm seed spacing had no intertwining, 
Figure 2.2(d), therefore, were prone to titling or “buckling”. Figure 3.37 shows a 
comparison between the compressive film stiffness of capped films at pressure levels 0.5 
MPa, 5 MPa, and 10 MPa vs. the film stiffness estimated using the measured stiffness of 
individual Si springs as described above.  
 
 
Figure 3.37 Compressive stiffness of uncapped and capped Si films subjected to 0.5 
MPa, 5 MPa and 10 MPa, with the estimated film stiffness based on individual spring 
measurements (red bars). 
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(a) 
 
(b) 
Figure 3.38 Elastic unloading displacement of uncapped and capped Si films with (a) 4-
turn, and (b) 10-turn springs, derived from the last unloading curve in Figures C.1-C.6 
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in Appendix C. The unloading displacement is given as percentage of the total spring 
height of 10 µm. 
 
Notably, the estimated compressive stiffness based on individual spring data (red bars in 
Figure 3.37) was in better agreement the stiffness of capped and uncapped Si films 
subjected to 10 MPa pressure. In general capped Si films were stiffer and in better 
agreement with single spring calculations, which is expected since springs in capped films 
approximated fixed-fixed boundary conditions, which was also the case for individual 
springs tested with MEMS devices. It is, thus, possible that not all springs in a film transfer 
load and a pressure as high as 10 MPa is required to engage all springs in a film.  
Finally, the amount of elastic compression of the Si spring films was extracted from 
the last unloading cycle, e.g. Figure 2.4(a), and is plotted in Figure 3.38. The elastic 
component of deformation of 4-turn and 10-turn springs ceased to increase at 5 and 10 
MPa, respectively, at which values the spring films experienced 27% and 20% elastic 
compression for 4-turn, for 10-turn spring films, respectively. The elastic compression of 
the Si spring films decreased or stayed constant after 20 MPa. 
 
3.6 Conclusions  
Experimental measurements showed pronounced stiffening with increased applied 
pressure, with the lowest compressive stiffness being 13±0.2 MPa and 151±15 MPa for 
capped 4-turn with 900 nm seed spacing and capped unseeded 10-turn coils, respectively, 
at 0.5 MPa applied pressure. Capped films showed higher resistance to permanent 
deformation: at 15 MPa the permanent deformation of capped 4-turn springs with 900 nm 
seed spacing was 1%, compared to 9.5% for the same uncapped films. Of all types of films, 
uncapped Si coils with 4 turns were the most compliant at all values of applied pressure, 
reaching a maximum stiffness of 384±2 MPa and permanent compression of 22% at 50 
MPa applied pressure. Notably, seeded capped springs with 4 turns and 900 nm seed 
spacing outperformed the unseeded counterparts for stresses as high as 15 MPa. All capped 
films were more resistant to permanent deformation compared to uncapped films: the film 
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cap allowed for stronger restoring force due to coordinated spring deflection. In situ SEM 
compression experiments showed that increased spring intertwining, i.e. springs with 
larger pitch and coil radius, provided more resistance to bending and less cap damage under 
compression. A FE model of the 4-turn and 10-turn coils with fixed-free boundary 
conditions verified the larger propensity of 10-turn coils for off-axis bending.  
Microscale experiments with individual Si springs of small wire cross-section and 
large pitch and coil diameter (4-turn, 900 nm springs), resulted in tensile stiffness of 
7.7±1.8 N/m. Upon increasing the spring wire cross-section by 60% (4-turn, 1500 nm 
springs), the tensile stiffness increased by a factor of 2.4 to 18.5±3.7 N/m. A reduction in 
spring pitch and coil diameter increased the tension stiffness of thin coils (10-turn, 900 nm 
springs) to 19.2±1.2 N/m, while further increase in wire diameter resulted in staircase-like 
structures (10-turn, 1500 nm springs) with ~5.5 times higher stiffness.  
Calculations of the film stiffness using as input the individual spring compression 
results produced larger estimates for the film stiffness for 0.5 and 5 MPa peak stress, which 
was attributed to the boundary conditions in the individual spring tests, which did not allow 
radial deflection, in comparison to capped films which exhibited, early, coordinated 
bending. Overall, Si films comprised of open-coil springs (4-turn springs) with larger coil 
diameter exhibited no coil bending and, therefore, better structural stability. The 
combination of higher compliance and more pronounced lateral spring interactions, 
produced more compliant and resilient spring films.  
Key analytical models for ideal coils were modified to account for the elliptical 
wire cross-section. Their predictions agreed within 19% for the 4-turn, 900 nm and 1500 
nm seed spacing, and 10-turn, 900 nm seed spacing, springs, which resembled helices, in 
comparison to springs with stair-case geometry, 10-turn 1500 nm seed spacing, which 
behaved as columns. The uncertainty in the FE and analytical model calculations depended 
on the uncertainty in the spring wire geometry and dimensions, geometrical variations 
along the spring length, e.g. the minor wire axis varied periodically along the spring, and 
uncertainties in the exact material properties of GLAD Si.  
87 
 
Finally, calculations of the film shear stiffness using experimental bending stiffness 
measurements at the individual spring level compared well with experimental 
measurements of the film shear stiffness, which implies a limited role of lateral spring 
interactions at the small shear strains applied before film failure. The experimental 
measurements of bending stiffness of individual Si springs suffered from large scatter, as 
quantified by the standard deviation relative to the mean value (the standard deviation was 
39-48%), which was attributed to the way the springs were mounted with the coil side lying 
on the grips of the MEMS testing device.  
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CHAPTER 4 
 
 
 
 LITHIATION OF INDIVIDUAL Si COLUMNS AND 
SPRINGS 
Substitution of carbon-based compounds as anode materials for Li+ batteries with 
elements with higher electrochemical capacity is accompanied by a major volumetric 
increase. During the formation of the α-Li3.75Si, the volumetric expansion reaches 280% 
[80], which, at full-lithiation leads to performance degradation and fracture. In this Chapter 
the structural evolution of individual Si nanosprings and nanowires due to Li+ intercalation 
is studied in situ to obtain estimates for the lithiation rate and mechanical benefits of 
utilizing helices vs. straight columns, as well Si nanostructures specifically fabricated via 
GLAD. It is expected that the helical shape can accommodate volumetric expansion in 
confined spaces better than individual columns without “buckling”‡ or fracture. 
 
4.1 In Situ Lithiation of Individual Si Columns 
Lithiation of individual Si columns and springs was conducted inside the chamber 
of a FIB and the evolution of the specimen geometry during lithiation was monitored at 
regular time intervals. Figures 4.1(a,b) show two examples of Si columns which were 
progressively lithiated to maximum volume change. The wire diameter progressively 
increased during lithiation resulting in asymmetric bending that was not relieved upon 
removal of the ends constrains. Lateral deflection of the Si columns occurred even when 
the end constraints were relieved between steps of chemical lithiation, taking place 
                                                 
‡ The term buckling is given in quotation marks because it does not imply immediate instability. Instead, 
gradual bending occurs due to the change in phase from amorphous Si to an LixSi alloy during lithiation. 
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approximately every 2 min. Specifically, in each increment, the e-beam was focused on the 
Li2O surface for 1 min followed by ~1 min of SEM imaging. 
 
    
(a) 
    
(b) 
Figure 4.1 In situ chemical lithiation of (a) a Si column with fixed ends, and (b) with 
moving end between lithiation steps. Both columns are mounted on Sn-Pb probes. 
 
The degree of chemical lithiation was evaluated based on the volumetric expansion 
of the Si columns. Bucking of the Si columns, due to volumetric expansion in the 
longitudinal direction, occurred as early as 2 min into the lithiation process upon contact 
of the Si column with the Li metal. This increase in length was first detected during 
lithiation, Figure 4.1(a), reaching 17% in the first 5 min of lithiation. This was followed by 
further increases in length, to 20% in 15 min, 32% in 32 min and 42% in 38 min. The wire 
also expanded gradually along its length in the radial direction: In the first 10 min, the 
diameter at a point 1 μm away from the end in contact with the Li metal increased by 13%, 
and by 52% after 20 min. In some cases, once lithiation of the Si columns was completed, 
lithium diffusion continued into the Sn phase of the Sn-Pb probe, causing significant 
reduction in the volume of the Si column due to delithiation. To prevent Li diffusion into 
the Sn-Pb probe, the Si columns were mounted on W probes. The chemical lithiation of 
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three Si columns mounted on a W probe is shown in Figures 4.2(a-c). The average axial 
and radial expansion of the Si columns vs. contact time on the Li metal surface is shown in 
Figures 4.3(a-d). 
The length extension of the three columns shown in Figures 4.2(a-c) was 15%, 19% 
and 22%, respectively. The change in diameter was measured at different points along the 
length, and the average for the column in Figure 4.2(a) was 70±11%, for the column in 
Figure 4.2(b) 65±18% and for the column in Figure 4.2(c) 63±6%. The lithiated columns 
reached the maximum length expansion within 13-16 min of contact with Li metal, while 
no further diameter change was observed after 20 min of lithiation. According to the plots 
in Figures 4.3(b-d), the average radial expansion of Si columns attached to W probes was 
at least 5% larger than that recorded for Si columns attached to Sn-Pb probes. 
According to [80] the theoretical linear expansion of a fully lithiated column is 
41%. The experimental average length expansion was smaller than the theoretical value by 
63% for the column in Figure 4.2(a), 53% for the column in Figure 4.2(b), and 45% for the 
column in Figure 4.2(c). On the contrary, the average diameter expansion was larger by 
82%, 65%, and 54% respectively. Combining the radial and axial expansion of the three 
columns in Figures 4.2(a-c) the total volumetric expansion was 332%, 324% and 324%, 
respectively. The anisotropy in length and diameter expansion, and the theoretical linear 
expansion may be due to the particular microstructure of Si columns fabricated by GLAD, 
as shown in the transmission electron microscopy (TEM) images in Figure 4.4(a,b). 
Specifically, the structure of the Si columns is very granular with large outer surface area 
consisting of branches titled at ~36° with respect to the column axis. The increased radial 
expansion during chemical lithiation is an outcome of the large surface area and the 
potentially porous internal structure which also promote fast lithiation. 
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 (a) 
    
 (b) 
    
(c) 
Figure 4.2 (a-c) In situ chemical lithiation of Si columns mounted on a W probe. The 
arrows indicate the points at which diameter expansion measurements were conducted. 
In (c) notice the splitting of the (dendritic) column upon lithiation, which, however, does 
not result in fracture. 
 
Irrespective of column length, segmental “buckling” occurred in all in situ 
experiments. “Buckling” of longer Si columns was asymmetric compared to short ones due 
to the variable diameter and modulus along a lithiating column. “Buckling” remained upon 
unloading, Figures 4.5(a,b) because it was due to the transformation of Si to ductile LixSi 
[81-84]. Therefore, Si columns confined inside an electrochemical cell would suffer from 
segmental “buckling” and structural degradation of the anode. A solution to the “buckling” 
problem of the Si columns could be provided by adopting a helical geometry, as described 
in the next Section.   
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(a) (b) 
  
(c) (d) 
Figure 4.3 Average (a) axial, and radial expansion of the Si columns in (b) Figure 4.2(a), 
(c) Figure 4.2(b) and (d) Figure 4.2(c). 
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(a) (b) 
Figure 4.4 TEM images of Si columns revealing the internal structure. Images courtesy 
of Jenny Tang, graduate student at UIUC. 
 
  
(a) (b) 
Figure 4.5 In situ chemical lithiation of Si columns with original length of (a) 4.8 μm 
and (b) 7.2 μm: Si columns with larger length exhibited asymmetric segmental 
“buckling”. 
 
 
4.2 In Situ Lithiation of Individual Si Springs 
Chemical lithiation of four types of Si springs from seeded films, Figures 4.6(a-d), 
was conducted inside a FIB chamber. Due to lithiation, the Si springs expanded in the radial 
and longitudinal directions with limited cracking as evidenced by the single cracks in the 
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springs with the larger wire diameters as pointed out shown in Figures 4.6(b,d). In some of 
the in situ experiments, the Si spring was detached from the probe; nevertheless, the loss 
in contact did not halt lithiation, Figure 4.6(b). The spring-like elements, Figures 4.6(a-c) 
showed smaller length increase compared to staircase-like structures, Figure 4.6(d). The 
length, coil diameter, and wire diameter in the spring with 4 coil turns (900 nm seed 
spacing) increased by 19%, 25±1%, and 76±3%, respectively, whereas in the spring with 
4 turns (1500 nm seed spacing) the same quantities increased by ~9%, 19±1%, and 29±3%, 
respectively. From post-lithiation measurements of the length, coil diameter, and wire 
diameter of 4-turn springs, the increased mean helical path and volume expansion were 
calculated as 24% and 380%, respectively, for springs with 900 nm seed spacing, and 17% 
and 195%, respectively, for a spring with 1500 nm seed spacing. The springs with 10 turns 
exhibited pronounced off-axis deflection after lithiation, Figures 4.6(c) and 4.7, in 
accordance with observations about more pronounced bending of this type of coils 
compared to 4-tun coils described in Chapter 3. Because of the small ratio of coil diameter 
to wire diameter and the large coil angle, the bending and shear components of deformation 
were more significant in 10-turn than in 4-turn coils. At completion of lithiation, the 10-
turn spring (900 seed spacing) increased in length by 12%, while the 10-turn spring (1500 
nm seed spacing) in Figure 4.6(d) extended by 33%. In general, lithiation of Si springs with 
two different spring pitches and wire diameters showed that coils with small coil diameter 
to wire diameter ratio are prone to “buckling”, similarly to, but less pronounced than, Si 
columns. 
In some experiments, Li dendrites formed at the edges of the Li metal surface [85-
87] which continued to grow without further e-beam exposure and resulted in delithiation 
of the Si springs, when the two came in contact. Figures 4.7(a-c) show the growth of a Li 
dendrite next to a 10-turn (1500 nm seeding) Si spring after an initial 30 min use of the e-
beam to break-down the Li2O, Figure 4.7(a). After the e-beam was shut off, the sample was 
imaged every 10 min: lithiation of the Si spring continued reaching its maximum volume 
at 110 min of e-beam inactivity, while the Li dendrite also increased in volume, Figure 
4.7(b). Then, the Si spring began reducing its volume, whereas the dendrite volume kept 
increasing, suggesting that Li atoms diffused from the Si spring to the Li dendrite, Figure 
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4.7(c). Upon delithiation, the Si spring retained part of its bent shape due to volumetric 
expansion, Figures 4.7(a,b). 
 
    
(a) 
    
(b) 
    
(c) 
    
(d)  
Figure 4.6 In situ chemical lithiation of individual Si springs from films with (a) 4-turn 
coils and 900 nm seed spacing, (b) 4-turn coils and 1500 nm seed spacing, (c) 10-turn 
coils and 900 nm seed spacing and (d) 10-turn coils and 1500 nm seed spacing. The 
arrow points to the formation of a crack that did not hinder further lithiation. 
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(a) (b) (c) 
  
 
(d) (e)  
Figure 4.7 Chemical lithiation of a 10-turn, 1500 nm seed spacing Si spring after 30 min 
of lithiation and (a) 0 min, (b) 110 min, and (c) 170 min of inactivity. Volume expansion 
of the Si spring and the Li dendrite continued without further exposure to the e-beam. 
(d) Permanent deformation after chemical lithiation and (e) close up of lithiation side. 
 
Using the in situ SEM experimental observations, the lithiation front velocity was 
calculated by utilizing the time at which Li atoms diffused through the length of the Si 
columns and springs [49,74,88,89]. The lithiation front was not easily identified in the SEM 
images§, and therefore, the lithiation velocity was calculated based on the time at which 
volumetric expansion was first observed at a specific point along a Si column. The 
lithiation velocity of the Si columns was 13.1±2.3 nm/s based on the time that volumetric 
expansion was observed at the end mounted on the W probe. The lithiation velocity for Si 
columns is at least three times larger than the lithiation velocity of Si wires subjected to 
electrochemical lithiation, as reported by Liu et al. of 2.3 nm/s [88]. The same authors 
increased the lithiation velocity to 117.4 nm/s by preparing phosphorous doped and carbon-
                                                 
§ The lithiation front is typically identified in literature by the change in contrast of a Si wire. 
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coated Si nanowires. The lithiation velocity of the Si columns is in better agreement with 
the lithiation velocity value of 5.8 nm/s for porous [111] Si wires reported by Shen et al. 
[89], whose fabrication process is described in [90]. Two orders faster lithiation velocity, 
1082 nm/s, has been reported by Seo et al. [49] for chemical lithiation of [111] Si wires. 
The large lithiation velocity reported in [49] is possibly due to direct contact of Si wires 
with the surface of the Li metal, after scratching the Li2O layer in vacuum. Nevertheless, 
the lithiation velocity reported here for GLAD Si columns is higher than the majority of 
prior literature studies of pure Si nanowires. 
The lithiation velocity of 4-turn Si springs was 3.4 nm/s for 900 nm seed spacing 
springs and 3.2 nm/s for 1500 nm seed spacing, namely 4 times smaller than that of the Si 
columns, yet, the lithiation front velocities of 4-turn, 900 nm and 4-turn, 1500 nm Si springs 
were still 45% and 40% higher, respectively, than that of pure Si nanowires [88]. The 
lithiation front velocity in 10-turn springs was 7.3 nm/s and 9.0 nm/s for 900 nm and 1500 
nm seed spacing, respectively. The reduction of the lithiation front velocity with increasing 
pitch angle may indicate that the process of Li diffusion in coils is not simply one-
dimensional. Table 4.1 summarizes the values of the axial, radial and total volume 
expansion, the mean helical path and the lithiation front velocity for all springs and 
columns tested in this thesis. 
 
Table 4.1 Expansion measurements of Si columns and springs due to chemical lithiation. 
 Si columns 4 turns, 900 nm 4 turns, 1500 nm 
Wire diameter expansion (%) 69 ± 6 76 ± 3 29 ± 3 
Coil diameter expansion (%) - 25 ± 1 19 ± 1 
Length extension (%) 19 ± 4 19 9 
Helical length expansion (%) - 24 17 
Total volume expansion (%) 327± 5  380 195 
Lithiation front velocity (nm/s) 13.1 ± 2.3 3.4 3.2 
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The high lithiation front velocity values reported in Table 4.1 are the outcome of 
the internal structure of GLAD deposited Si nanostructures: the TEM images of Si columns 
in Figures 4.4(a,b) and Si springs in Figures 4.8(a,b) show a complex internal structure 
dominated by interfaces. The microstructure of Si springs was clearly fibrillar, and 
dendritic in Si columns. The fibrillar internal structure of the Si springs results in faster Li 
transport and larger diameter expansion during lithiation.  
 
  
(a) (b) 
Figure 4.8 TEM images of a Si spring with 4 turns (900 nm seed spacing) revealing a 
fibrillar microstructure. Images courtesy of Jenny Tang, graduate student at UIUC. 
 
 
4.3       Conclusions 
Chemical lithiation of Si columns exhibited an average radial expansion that was 
3.5 times larger than average extension. This anisotropic expansion was traced to the 
microstructure of the Si columns that was characterized by a branch-like outer surface. Si 
columns showed segmental “buckling” upon Li insertion and the volumetric expansion. 
Segmental “buckling” was asymmetric in longer columns and was initiated and 
accentuated by pre-existing imperfections. “Buckling” continued as lithiation progressed, 
and the total length of a column increased by 19±4%. Lithiation of Si springs followed a 
different evolution: springs with large coil-to-wire diameters did not exhibit significant 
“buckling” or length increase, and volume expansion was expressed in the radial direction. 
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Lithiation of springs with small coil-to-wire diameters led to” buckling”, similar to the Si 
columns. Therefore, spring-like structures provide an advantage over the columnar-like 
structures. Segmental “buckling” during lithiation is minimized in open coil structures, 
even for large volumetric expansion. 
The lithiation front velocity was calculated for Si columns and springs were 
13.1±2.3 nm/s for columns, 3.4 nm/s for springs with 4 turns and 900 nm seed spacing, and 
3.2 nm/s for springs with 4 turns and 1500 nm seed spacing. These values for the lithiation 
front velocities are at least 41% higher than previously reported for crystalline Si [88]. The 
fast lithiation recorded in the present study is the outcome of multiple internal surfaces in 
the Si columns and springs that facilitate fast diffusion. 
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CHAPTER 5 
 
 
 
 CONCLUSIONS 
This doctorate research aimed at quantifying the mechanical behavior of Si 
nanosprings and their films and compare the experimental measurements with analytical 
and numerical solutions. Silicon’s high Li+ capacity motivated in situ chemical lithiation 
studies of volumetric expansion of individual Si columns and springs fabricated via GLAD. 
This Chapter provides a summary of the research results, an evaluation of the extent to 
which the research objectives were met, and future directions. 
Prior to this study the mechanical properties of Si GLAD spring films, as well as 
the deformation mechanism of the springs under loading were unknown. Many previous 
studies measured the mechanical properties of GLAD films by employing a technique that 
presents challenges in data processing and interpretation. In this doctorate dissertation 
attention was given to accurately measure the compressive stiffness of the films, and for 
the first time, the effect of the seed spacing on the geometry of the individual springs and 
the mechanical behavior was assessed. 
In addition, the tensile, compressive and bending stiffnesses of individual Si springs 
with different geometrical characteristics were measured for the first time. A previous 
attempt to measure the compressive stiffness of an individual Si spring led to discrepancies 
due to the deformation of the springs under normal and bending loads, and due to 
interactions with neighboring springs.  
Finally, the structural evolution of the individual Si springs and columns was 
evaluated. The in situ chemical lithiation of Si springs revealed their advantages over Si 
film anodes consisting of columnar microstructures. The in situ chemical lithiation 
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experiments also revealed fast lithium diffusion, a direct outcome of the internal porous 
structure.  
 
5.1 Mechanical Behavior of Si Spring Films and Individual Si Springs 
The mechanical behavior of Si spring films was obtained for the first time. In situ 
experiments showed that lateral interactions between neighboring springs play an 
important role in mechanical behavior and robustness of Si spring films. Films comprised 
of open-coil springs, i.e. of large coil-to-wire diameter, exhibited large overlap among 
springs, which increased the compressive film stiffness at large compression forces, but 
also prevented individual springs from bending and exhibiting permanent set. For stress 
levels larger than 10 MPa, the capping layer increased the compressive stiffness by as much 
as 30% for films comprised of springs with 4 turns and 900 nm seed spacing: for instance 
from 320 to 422 MPa at 15 MPa, and from 793 to 1016 MPa at 30 MPa. The capping layer 
had an opposite effect on unseeded films and films with 900 nm seed spacing with 10 coil 
turns: the capping layer restricted the lateral interactions and resulted in coordinated 
bending in one direction. The smaller overlap and the slender shape of 10-turn springs 
allowed for permanent compression reaching 30%, which is 2 times that in spring films 
with large overlap and open coil springs.  
 Isolation of individual Si springs and testing in tension, compression and bending 
provided the mechanical stiffness vs. the geometrical characteristics of springs. Open coil 
springs had higher compliance and deformation of up to 20%. The individual spring 
stiffness increased by 130% for a 62% increase in wire cross-section. On the contrary, Si 
springs with small coil-to-wire diameter resembling staircase structures, exhibited stiffness 
values up to 10 times larger than Si springs with spring-like structure. Therefore, the 
compressive stiffness of the Si spring films was mainly affected by three parameters: 
1. The geometrical characteristics of the individual springs, such as the wire diameter, 
the coil diameter and the spring pitch. Those parameters were controlled by film 
deposition parameters and substrate seeding. 
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2. The overlap between neighboring Si springs which is also controlled by substrate 
seeding and the film deposition parameters. 
3. The presence of a capping layer that forces a coordinated deformation of the springs 
in a GLAD film. 
 
In in situ experiments, the displacement was distributed non-uniformly along the 
springs, with the coil turn near the top end receiving 57.5% of the total deformation, the 
following turn 37.5% of the total deformation, and only 5% to the rest of the spring.  The 
experimental compression and tension results of individual springs were compared with 
analytical models for open-coiled springs, which, for open coil springs agreed, within 13-
29% with the experimental results. However, the solutions for 10-turn coils deviated by 77 
to 419%. 
FE modeling of the Si springs showed that the non-linear force vs. compression 
behavior could in part be due to “buckling”, which was more pronounced for springs with 
small coil-to-wire radius ratio, which, in uncapped conditions, exhibited “buckling” as 
early as 10% deformation. The compressive and tensile stiffness extracted from FE models 
deviated up to 67% than the experimental values as a result of uncertainties in the precise 
geometry of the coil wire and the exact material properties. FE calculations of the shear 
behavior of Si springs provided quantitative evidence for anisotropic behavior under in-
plane shear as a result of the relative position of the coil end with respect to the applied 
force. This result explained in part the large standard deviation from 39% to 48% in 
bending measurements of single springs by the MEMS platform.  
 
5.2 Lithiation of Individual Si Columns and Springs 
The chemical lithiation process of Si nanoscale springs and columns from GLAD 
films was monitored in situ, and the volumetric expansion due to Li+ intercalation vs. time 
of lithiation was measured. Chemical lithiation of straight columns resulted in 327±5% 
volumetric expansion, which 47% larger than the theoretical value for amorphous Si [80]. 
In addition to measurement uncertainties, the larger volumetric expansion could be due to 
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the microstructure of the Si columns, which grew in a dendritic fashion. The lithiation of 
Si columns process was completed within 20 min, with an estimated lithiation front 
velocity of 13.1±2.3 nm/s that is at least one order of magnitude higher than the 2.3 nm/s 
value for pure crystalline Si nanowires [88]. The volumetric expansion of Si columns led 
to localized “buckling” due to end constraints, an issue that was alleviated in open coil 
springs. Lithiation of open coiled Si springs accommodated the volumetric expansion 
without “buckling”, whereas coils with small coil-to-wire radius buckled or expanded in 
the axial direction as much as 34%. The large volumetric expansion of Si springs was owed 
to their fibrous structure. Compared to Si columns, the lithiation front velocity of 4-turn Si 
springs was 3.4 nm/s for 900 nm seed spacing, and 3.2 nm/s for 1500 nm seed spacing. 
The combination of the fast lithiation and the accommodation of large volumetric 
expansion makes Si springs good nanostructures for use as anode materials in Li+ 
electrochemical cells. 
 
5.3 Future Directions 
5.3.1 Formation of SiO2 on GLAD Si  
Evaporation of Si takes place in high temperatures, with its melting point being 
1,414 ºC [91]. Exposure of Si films to air after deposition leads to the formation of 
passivating native oxide on the surface, which negatively affects the mechanical, thermal, 
electrical or electrochemical properties. Techniques such electroless Ni plating to protect 
the Si spring films from surface oxidation are impractical if destined for Li+ anodes. The 
GLAD Si films employed in this study were fabricated in four steps, each adding 2500 nm 
to the total height. Between each deposition, the chamber was opened and more material 
was added. In this interval formation of native oxide was possible.  
Destructive tomography was performed on the Si spring films via ion milling in a 
FIB microscope to investigate the cross-section of individual springs from images captured 
in steps of 30 nm.  Figures 5.1(a,b) show two cross-sections of a capped 4-turn spring film 
with 1500 nm seed spacing, where two phases may be distinguished: a dark core 
corresponding to amorphous Si and a light color shell of ~130 nm corresponds to an oxide 
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layer. To assess whether the shell in SEM images is Si2O, the spring films were immersed 
in buffered hydrofluoric acid (HF). The buffered oxide etchant (BOE) was a mixture of HF 
and water (49% HF), and ammonium fluoride (NH4F) and water (40% NH4F) in a ratio of 
1:6 and the mixture etches Si2O in an etching rate of ~1000 Å/min [92]. The samples were 
immersed in BOE for a prolonged time period in order to examine if the Si springs are 
entirely consisted out of Si2O and as a result whether they would be fully consumed by the 
BOE. Figures 5.2(a,b) show the oblique cross-section of 4-turn spring films with 900 nm 
and 1500 nm seed spacing. Etching resulted to a reduction in the cross-section as much as 
26%. After immersing films with the 4-turn and 900 nm seed springs, some of the springs 
were reduced to 1,2, or 3 turns, which is an outcome of the formation of a thin oxide layer 
between the deposition steps. The presence of a surface oxide also explains difficulties 
encountered to lithiate individual spring electrochemically: Si springs were either mounted 
on a W probe with conductive adhesive and brought into contact with Li metal, or were 
dispersed on a TEM Cu grid and formed an electrochemical cell using an ionic liquid as 
the electrolyte, a separator and a lithium cobalt oxide (LiCoO2) composite cathode. Several 
attempts of the aforementioned approaches failed to lithiate the Si springs.  
  
(a) (b) 
Figure 5.1 Cross-sections of a capped 4-turn spring films with 1500 nm seed spacing (a) 
slice #45 and (b) slice #60. 
 
5 μm 
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(a) (b) 
Figure 5.2 Oblique cross-sections of a (a) 4-turn spring film with 900 nm seed spacing, 
and a (b) 4-turn spring film with 1500 nm seed spacing after immersion to BOE. 
 
 
5.3.2 Influence of Deposition Parameters on Spring Geometry 
Mechanical film compliance is an attribute of thermomechanical interfaces, and the 
geometrical characteristics of individual springs play an important role in the design of 
films with desirable mechanical compliance. The geometrical characteristics of GLAD 
films are controlled by the substrate rotation speed, the film deposition rate, and the 
substrate tilt angle. Recently, our laboratory has acquired an e-beam evaporator GLAD 
system that allowed some preliminary work to understand the role of the aforementioned 
deposition parameters to feature geometry. Cu was selected as the material for test 
depositions because of the ease to deposit thick films at constant deposition rates. 
First, the substrate tile angle was evaluated: Cu spring films were deposited at 
substrate tilt of 88º, 86º, 84º and 82º, with common substrate rotation speed of 0.025 rpm 
and deposition rate of 10 Å/sec. Figures 5.3(a-d) show oblique views of the resulting Cu 
spring films. By tilting the substrate by 85º, the projection of the wafer, onto which vapor 
is deposited, is 11.5 times smaller than the surface area of the wafer. As a result, the true 
deposition rate is much smaller than the vapor flux measured by the quartz balance installed 
in the e-beam evaporator (instrument deposition rate). The true deposition rate, computed 
using the SEM images of the cross-sections of the Cu films to measure the thickness of the 
films at different substrate tilt angles, Figures 5.3(a-d), is reported in Table 5.1: Except for 
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88º, the actual deposition rate increased for increasing substrate tilt angle: increase in 
substrate tilt leads to a reduction in the amount of deposited material; however, the increase 
in the substrate tilt also increases the shadowing effect. As a result, the films with higher 
substrate tilt will have fewer nucleation sites and, therefore, fewer particles. The substrate 
rotation speed and deposition rate are two parameters that are closely related to coil 
diameter and pitch of GLAD springs. Each spring turn corresponds to a full revolution of 
the substrate and the deposition rate defines the dimension of the pitch. Figures 5.4(a-d) 
show the cross-section of Cu films deposited at 0.5, 1, 2 and 4 Å/sec, substrate rotation 
speed of 0.005 rpm and substrate tilt angle of 86º. 
 
  
(a) (b) 
  
(c) (d) 
Figure 5.3 Cu spring films deposited at substrate tilt angles (a) 88º, (b) 86º, (c) 84º and 
(d) 82º.  
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(a) (b) 
  
(c) (d) 
Figure 5.4 Cu spring films deposited at (a) 0.5 Å/sec, (b) 1 Å/sec, (c) 2 Å/sec and (d) 4 
Å/sec. The substrate rotation speed and tilt angle were 0.005 rpm and 86º, respectively. 
Table 5.1 Measured deposition rates for different substrate tilt angles. 
 
Substrate tilt angle 
(degrees) 
Instrument deposition rate 
(Å/sec) 
Actual deposition rate 
(Å/sec) 
88 10 2.02 
86 10 1.56 
84 10 1.87 
82 10 4.04 
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Similarly, Figures 5.5(a-c) show the cross-section of Cu films deposited at rates 2, 
4 and 10 Å/sec, substrate rotation speed of 0.025 rpm and substrate tilt angle of 86º. In 
films produced at substrate rotation speed of 0.005 rpm, Figures 5.4(a-d), the coil diameter 
was 0.096±0.005 μm for deposition rate 0.5 Å/sec, 0.213±0.014 μm for 1 Å/sec, 
0.433±0.039 μm for 2 Å/sec and 0.876±0.077 μm for at 4 Å/sec. Increasing the substrate 
rotational speed by 5 times to 0.025 rpm, Figures 5.5(a-d), the coil diameter was 
0.105±0.011 μm for deposition rate 2 Å/sec, 0.211±0.019 μm for 4 Å/sec, and 0.426±0.032 
μm for 10 Å/sec. The increase of deposition rate for both substrate rotation speeds resulted 
in a linear increase of spring diameter, Table 5.2.  
 
 
The effect of the spring pitch on coil diameter is shown in Figure 5.6. The horizontal 
axis in the graph corresponds to the spring pitch which is calculated by the ratio of 
deposition rate to substrate rotation speed, whereas the coil diameter measurements were 
obtained from SEM images.  
Table 5.2 Measured deposition rate for different substrate rotation speeds and instrument 
deposition rates. 
Substrate 
Rotation 
Speed 
(rpm) 
Instrument 
deposition rate 
(Å/sec) 
Actual 
deposition rate 
(Å/sec) 
Actual 
deposition 
rate/ 
Instrument 
deposition rate 
Coil Diameter 
(μm) 
0.005 0.5 0.09 0.18 0.096±0.005 
0.005 1 0.15 0.15 0.213±0.014 
0.005 2 0.31 0.16 0.433±0.039 
0.005 4 0.69 0.17 0.876±0.077 
0.025 2 0.43 0.22 0.105±0.011 
0.025 4 0.81 0.20 0.211±0.019 
0.025 10 1.58 0.16 0.426±0.032 
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(a) 
 
(b) 
 
(c) 
Figure 5.5 Cu spring films deposited at (a) 2 Å/sec, (b) 4 Å/sec and (c) 10 Å/sec. The 
substrate rotation speed and tilt angle were 0.025 rpm and 86º respectively. 
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Figure 5.6 Spring pitch vs. spring coil diameter. 
 
A linear relationship can be established. For depositions at 2 Å/sec and 0.005 rpm 
and at 10 Å/sec and 0.025 rpm, which have same ratio of deposition rate/substrate rotation 
speed of 400 Å/sec/rpm, a comparison of the cross-sectional images in Figure 5.4(c) and 
5.5(c) shows many similarities. However, Figure 5.4(c) shows that the springs have a 
rougher surface. An increase in deposition rate while maintaining constant substrate 
rotation speed resulted in linear increase of the actual deposition rate. Table 5.2 shows the 
actual deposition rate and the ratio of the actual vs. instrument deposition rate, for two 
substrate rotation speeds. The ratios of the actual vs. instrument deposition rate varied 
between 0.15 and 0.22, showing a weak dependence of the actual deposition rate on 
instrument deposition rate and substrate rotation speed. 
 
5.3.3 Mechanical Properties of Lithiated and Delithiated Si Nanostructures 
The measurement of the mechanical and failure properties of lithiated Si would 
allow for designing strong and high capacity Li+ battery anodes. Mechanical 
characterization of lithiated Si nanostructures, however, is a challenging task since Li 
oxidizes when exposed to air. Therefore, it is necessary to conduct experiments in vacuum 
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or inert atmosphere. Such tension and compression experiments with lithiated Si nanowires 
inside an SEM have already been reported [81-83]. The compression/tension of lithiated 
columns showed that Li insertion resulted in structures with increased ductility. 
Measurement of the mechanical properties of lithiated Si springs would complete the 
characterization of GLAD Si spring films for Li+ anodes. A possible path to such 
experiments would require isolating the loadcell of the MEMS-based experimental device 
and a Si spring be mounted onto its front end. The Si spring would then be chemically 
lithiated in a FIB chamber. Upon lithiation, the free end of the spring would be mounted 
on a stationary post with Pt deposition or e-beam curable adhesive. The lithiated Si spring 
would then be subjected to tension by moving the loadcell away from the stationary post 
via a nanomanipulator. SEM images could be used to measure the nanospring extension 
and the applied force. 
 
 
5.3.4 Design of Spring Films via Control of GLAD Parameters 
The effect of deposition parameters on spring diameter was reported in Chapter 3. 
The effect of the deposition parameters on spring wire diameter can be studied by control 
of seed spacing in seeded substrates. In a preliminary study, Cu spring films with seed 
spacing of 1200 nm, 1500 nm and 1800 nm were deposited. Seeds in a hexagonal pattern 
were prepared by ion-milling, Figures 5.7(a-c), and 5.7(d-f) show Cu films deposited on 
such seeded areas at the deposition rate of 10 Å/sec, substrate tilt angle of 85° and substrate 
rotation speed of 0.025 rpm. The resulting films appeared very dense without clear 
definition of the spring coils. Future work could revisit the seed spacing and deposition 
parameters [14,15], or reduce the temperature of the substrate, to obtain deposition 
parameters that can control the coil geometry [93-95]. 
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(a) (d) 
  
(b) (e) 
  
(c) (f) 
Figure 5.7 Oblique SEM images of hexagonal seed patterns created by ion-milling with 
(a) 1200 nm, (b) 1500 nm and (c) 1800 nm seed spacing. 
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 APPENDIX A: DEFINITION AND MEASUREMENT 
OF GEOMETRICAL Si SPRING PARAMETERS 
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A.1  Measurement of the Major Axis of Elliptical Wire Cross Section 
The major axis of the elliptical cross-section of the wire comprising the springs 
fabricated through GLAD could be measured using top view images of the springs. 
However, the overlap between springs in a film restricts this view. Figures A.1(a,b) show 
that the major axis a (2a = 0.76 µm in Figures A.1(a,b)) could be measured from SEM 
spring film side views, since the major axis always points towards the helix axis.  
 
  
(a) (b) 
Figure A.1 Schematics of a 4-turn, 900 nm spring showing the major axis of the elliptical 
wire cross-section: (a) top view, and (b) side and a side sectioned views. All dimensions 
are in microns. 
 
 
A.2 Measurement of the Spring Coil Diameter 
The coil diameter was defined as the diameter of the helix at the center of the 
elliptical wire, Figure 2.16(a). A direct and accurate measurement of coil diameter from 
side view SEM images is challenging, therefore, the diagonal between the external points 
of half a coil turn was measured instead, which for instance is equal to 2.59 µm in Figures 
A.2(a,b). The coil diameter (equal to 1.53 µm in Figures A.2(a,b)) is then computed by 
2a 
2a   2a 
1 µm 1 µm 
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using Pythagoras theorem and subtracting twice the major axis of the elliptical wire, so that 
the coil diameter is computed at the center of the wire comprising the coil: 
𝐶𝑜𝑖𝑙 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = √(𝐷𝑖𝑎𝑔𝑜𝑛𝑎𝑙)2 − (
𝑃𝑖𝑡𝑐ℎ
2
)
2
− 2 × 𝑀𝑎𝑗𝑜𝑟 𝐴𝑥𝑖𝑠 (A.1) 
 
  
(a) (b) 
Figure A.2 Schematics of a 4-turn, 900 nm spring showing the measurement of coil 
diameter in a (a) side view, and a (b) sectioned side view.  
 
 
A.3  Measurement of Growth Angle 
The growth angle is defined as the angle at which the deposition front is 
propagating, not to be confused with the spring angle defined in Equation 2.5 and shown 
in Figure 2.16(b). The growth angle was measured in side view SEM images, Figure A.3. 
The growth angle is necessary to obtain the minor axis of the elliptical wire cross-section. 
In Figure A.3(b), the tangent is following the flat top side of the coil. Note that, in 
comparison, the bottom side is quite rough due to reduced shadowing by distant seeds, 
Figure 2.3(b). 
 
2
a 
Coil Diameter 
Pitch/2 
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(a) (b) 
Figure A.3 (a) Side view images of a film comprised of 4-turn Si springs with 900 nm 
seed spacing, demonstrating in (b) the measurement of the growth angle.  
 
A.4  Measurement of the Minor Axis of Elliptical Wire 
The minor axis of the elliptical wire was measured from SEM side view images of 
Si spring films, Figure A.4, at the midpoint of each coil turn. The minor axis was 
determined along the normal to the growth direction at the mid-span of half turn, Figure 
A2(b), and, therefore, the SEM side view images were rotated by the growth angle, Figure 
A.4, to facilitate the measurement.  
 
  
(a) (b) 
Figure A.4 (a) Side view images of a film comprised of 4-turn Si springs with 900 nm 
seed spacing, demonstrating (b) the measurement of minor axis of the elliptical wire.  
growth 
angle 
2 µm 
1 µm 
Minor axis 
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spring 
growth 
angle 
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A.5   Measurement of Spring Dimensions in Si Spring Films 
Sample measurements of seeded Si spring dimensions, as described in Sections A1-
A.4, are shown in Figures A.5 - A.8. The results are presented in Table 2.1. 
 
  
(a) (b) 
  
(c) (d) 
Figure A.5 (a) Side view images of a film comprised of 4-turn Si springs with 900 nm 
seed spacing, demonstrating the measurement of (b) the major axis and the diagonal used 
for the calculation of the coil diameter, (c) the growth angle and (d) the minor axis.  
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(a) (b) 
  
(c) (d) 
Figure A.6 (a) Side view images of a film comprised of 4-turn Si springs with 1500 nm 
seed spacing, demonstrating the measurement of (b) the major wire axis and the diagonal 
used for the calculation of the coil diameter, (c) the growth angle, and (d) the minor wire 
axis.  
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(a) (b) 
  
(c) (d) 
Figure A.7 (a) Side view images of a film comprised of 10-turn Si springs with 900 nm 
seed spacing, demonstrating the measurement of (b) the major wire axis and the diagonal 
used for the calculation of the coil diameter, (c) the growth angle, and (d) the minor wire 
axis.  
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(a) (b) 
  
(c) (d) 
Figure A.8 (a) Side view images of a film comprised of 10-turn Si springs with 1500 
nm seed spacing, demonstrating the measurement of (b) the major wire axis and the 
diagonal used for the calculation of the coil diameter, (c) the growth angle, and (d) the 
minor wire axis.  
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APPENDIX B: FULL LOADING AND UNLOADING 
CYCLES OF CAPPED Si FILMS UNDER 
COMPRESSION 
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Figure B.1 (cont.) 
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(g) (h) 
 
(i) 
Figure B.1 Full cyclic compression of 4-turn capped Si spring films on unseeded 
substrate, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa maximum stress. 
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Figure B.2 (cont.) 
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(g) (h) 
 
(i) 
Figure B.2 Full cyclic compression of 4-turn capped Si spring films with 900 nm seed 
spacing, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa maximum stress. 
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Figure B.3 (cont.) 
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(g) (h) 
 
(i) 
Figure B.3 Full cyclic compression of 4-turn capped Si spring films with 1500 nm seed 
spacing, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa maximum stress. 
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Figure B.4 (cont.) 
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(g) (h) 
 
(i) 
Figure B.4 Full cyclic compression of 10-turn capped Si spring films on unseeded 
substrate, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa maximum stress. 
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Figure B.5 (cont.) 
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(g) (h) 
 
(i) 
Figure B.5 Full cyclic compression of 10-turn capped Si spring films with 900 nm seed 
spacing, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa maximum stress. 
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Figure B.6 (cont.) 
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(g) (h) 
 
(i) 
Figure B.6 Full cyclic compression of 10-turn capped Si spring films with 1500 nm seed 
spacing, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa maximum stress. 
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 APPENDIX C: FIRST LOADING AND LAST 
UNLOADING OF CAPPED Si SPRING FILMS 
UNDER COMPRESSION 
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(a) (b) 
  
(c) (d) 
Figure C.1 First loading curve of (a) 4-turn and (b) 10-turn Si spring films, and last 
unloading curve of (c) 4-turn and (d) 10-turn capped Si spring films subjected to 
nominaly 0.5 MPa compressive loading. The unloading curves have been aligned for 
better visualization of the relative unloading displacement. 
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(a) (b) 
  
(c) (d) 
Figure C.2 First loading curve of (a) 4-turn and (b) 10-turn Si spring films, and last 
unloading curve of (c) 4-turn and (d) 10-turn capped Si spring films subjected to 5 MPa 
compressive loading. The unloading curves have been aligned for better visualization of 
the relative unloading displacement. 
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(a) (b) 
  
(c) (d) 
Figure C.3 First loading curve of (a) 4-turn and (b) 10-turn Si spring films, and last 
unloading curve of (c) 4-turn and (d) 10-turn capped Si spring films subjected to 10 MPa 
compressive loading. The unloading curves have been aligned for better visualization of 
the relative unloading displacement. 
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(a) (b) 
  
(c) (d) 
Figure C.4 First loading curve of (a) 4-turn and (b) 10-turn Si spring films, and last 
unloading curve of (c) 4-turn and (d) 10-turn capped Si spring films subjected to 15 MPa 
compressive loading. The unloading curves have been aligned for better visualization of 
the relative unloading displacement. 
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Figure C.5 First loading curve of (a) 4-turn and (b) 10-turn Si spring films, and last 
unloading curve of (c) 4-turn and (d) 10-turn capped Si spring films subjected to 20 MPa 
compressive loading. The unloading curves have been aligned for better visualization of 
the relative unloading displacement. 
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Figure C.6 First loading curve of (a) 4-turn and (b) 10-turn Si spring films, and last 
unloading curve of (c) 4-turn and (d) 10-turn capped Si spring films subjected to 25 MPa 
compressive loading. The unloading curves have been aligned for better visualization of 
the relative unloading displacement. 
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(a) (b) 
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Figure C.7 First loading curve of (a) 4-turn and (b) 10-turn Si spring films, and last 
unloading curve of (c) 4-turn and (d) 10-turn capped Si spring films subjected to 30 MPa 
compressive loading. The unloading curves have been aligned for better visualization of 
the relative unloading displacement. 
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Figure C.8 First loading curve of (a) 4-turn and (b) 10-turn Si spring films, and last 
unloading curve of (c) 4-turn and (d) 10-turn capped Si spring films subjected to 40 MPa 
compressive loading. The unloading curves have been aligned for better visualization of 
the relative unloading displacement. 
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(c) (d) 
Figure C.9 First loading curve of (a) 4-turn and (b) 10-turn Si spring films, and last 
unloading curve of (c) 4-turn and (d) 10-turn capped Si spring films subjected to 50 MPa 
compressive loading. The unloading curves have been aligned for better visualization of 
the relative unloading displacement. 
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APPENDIX D: COMPRESSION OF CAPPED Si 
SPRING FILMS AT ±10% PEAK STRESS  
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Figure D.1 (cont.) 
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Figure D.1 (cont.) 
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Figure D.1 Cyclic compression of capped 4-turn Si spring films on unseeded substrate, 
subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 25 MPa, 
(g) 30 MPa, (h) 40 MPa, (i) 50 MPa mean stress. The displacement in the graphs on the 
right has been shifted for better visualization of the individual compression cycles. 
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Figure D.2 (cont.) 
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Figure D.2 (cont.) 
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Figure D.2 Cyclic compression of capped 4-turn Si spring films with 900 nm seed 
spacing, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa mean stress. The displacement in the graphs 
on the right has been shifted for better visualization of the individual compression cycles. 
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Figure D.3 (cont.) 
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Figure D.3 (cont.) 
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Figure D.3 Cyclic compression of capped 4-turn Si spring films with 1500 nm seed 
spacing, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa mean stress. The displacement in the graphs 
on the right has been shifted for better visualization of the individual compression cycles. 
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Figure D.4 (cont.) 
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Figure D.4 (cont.) 
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Figure D.4 Cyclic compression of capped 10-turn Si spring films on unseeded substrate, 
subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 25 MPa, 
(g) 30 MPa, (h) 40 MPa, (i) 50 MPa mean stress. The displacement in the graphs on the 
right has been shifted for better visualization of the individual compression cycles. 
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Figure D.5 (cont.) 
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Figure D.5 (cont.) 
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Figure D.5 Cyclic compression of capped 10-turn Si spring films with 900 nm seed 
spacing, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa mean stress. The displacement in the graphs 
on the right has been shifted for better visualization of the individual compression cycles. 
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Figure D.6 (cont.) 
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Figure D.6 (cont.) 
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Figure D.6 Cyclic compression of capped 10-turn Si spring films with 1500 nm seed 
spacing, subjected to (a) 0.5 MPa, (b) 5 MPa, (c) 10 MPa, (d) 15 MPa, (e) 20 MPa, (f) 
25 MPa, (g) 30 MPa, (h) 40 MPa, (i) 50 MPa mean stress. The displacement in the graphs 
on the right has been shifted for better visualization of the individual compression cycles. 
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 APPENDIX E: CALIBRATION OF THE FORCE 
CONSTANT OF THE MEMS DEVICES 
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The MEMS devices were calibrated by mounting them against devices with known 
calibration constants, Figures E.1(a,b). One of the devices was utilized as fabricated on 
chip, while the second was removed from the ship via ion-milling. The free-standing device 
was then attached to the on chip device whose pedal was fixed on the Si wafer with 
adhesive. The two devices were loaded by moving the free-standing device with a 
picomotor while images were captured during the loading and unloading. The devices were 
at different focal planes, therefore, two images were captured at different focus, Figures 
E.1(a,b). 
 
  
(a) (b) 
Figure E.1 Two MEMS devices mounted opposite to each other for relative stiffness 
calibration with focus (a) on the pre-calibrated device on the right, and (b) on the device 
on the left.  
 
The opening of each loadcell was measured via DIC and the device stiffness was 
calculated from the slope of the displacement plot, e.g. Figure E.2(a,b), and the known 
stiffness of the pre-calibrated device. The plots in Figures E.2(a,b) correspond to 
calibrations of two different MEMS devices. The stiffness constant of the MEMS devices 
for spring tension/compression and shear experiments was calculated by dividing the 
calibration constant of the device with known constant by the slope of the plots in Figure 
E.2(a,b). 
165 
 
 
(a) 
 
(b) 
Figure E.2 Graphs of loadcell opening of a pre-calibrated device (device 2) and the 
device for calibration (device 1). 
 
The force constant of the pre-calibrated MEMS device was determined by attaching 
glass microspheres on a vertically free-standing MEMS loadcell, as shown in Figure E.3(a) 
and described in reference [67]. The glass spheres with known density, were attached on 
the front edge of the MEMS loadcell with minimal amount of adhesive, Figure E.3(b), 
while the mass of each glass sphere was calculated using the measured diameter and 
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density. The slope of the graph of the cumulative weight of all attached spheres vs. the 
loadcell opening provided the force constant, Figure E.3(c). 
 
 
Figure E.3 (a) Calibration of a MEMS device by attaching glass microspheres. (b) 
Measurement of loadcell opening via DIC. (c) Force vs. loadcell opening graph to extract 
the device force constant from the slope of the graph [67]. Figure adopted with 
permission from the authors. 
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APPENDIX F: UNCERTAINTY ANALYSIS 
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F.1  Overview of Uncertainty Analysis  
The propagation of error (uncertainty) in the calculations of the spring stiffness due 
to the uncertainty in the values of the spring major and minor axis, and the Young’s 
modulus and Poisson’s ratio of the Si material comprising the springs can be calculated to 
via simple uncertainty analysis [79]. For addition or subtraction the uncertainty in the value 
of a function f is calculated as: 
𝛿𝑓 = √(𝛿𝑥1)2+ ⋯ + (𝛿𝑥𝑚)2 + (𝛿𝑦1)2 + ⋯ + (𝛿𝑦𝑛)2 (F.1) 
where the function f is:  
𝑓(𝑥1, … , 𝑥𝑚, 𝑦1, … , 𝑦𝑛) = 𝑥1 + ⋯ + 𝑥𝑚 − (𝑦1 + ⋯ + 𝑦𝑛) (F.2) 
 
Similarly for multiplication or division the relative uncertainty is: 
𝛿𝑓
|𝑓|
= √(
𝛿𝑥1
𝑥1
)
2
+ ⋯ + (
𝛿𝑥𝑚
𝑥𝑚
)
2
+ (
𝛿𝑦1
𝑦1
)
2
+ ⋯ + (
𝛿𝑦𝑛
𝑦𝑛
)
2
 (F.3) 
where in this case, the function f is: 
𝑓(𝑥1, … , 𝑥𝑚, 𝑦1, … , 𝑦𝑛) =
𝑥𝑚× …×𝑥𝑚
𝑦1× …×𝑦𝑛
 (F.4) 
 
Finally for a parameter x raised on a power k the relative uncertainty is: 
𝛿𝑓
|𝑓|
= |𝑘|
𝛿𝑥
|𝑥|
 (F.5) 
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F.2  Uncertainty in Shear Modulus and Torsional Constant  
For an isotropic and homogeneous material the shear modulus G, can be computed 
from the values of the elastic modulus, E, and Poisson’s ratio, v, as: 
𝐺 =
𝐸
1 + 𝑣
 (F.6) 
 
Following the rules in equations F.1-F.4, the relative uncertainty in the shear 
modulus δG/G due to the uncertainty of Poisson’s ratio v (v = 0.22±0.02) is equal to: 
𝛿𝐺
|𝐺|
= √(
𝛿𝑣
𝑣
)
2
= 0.016 = 1.6% (F.7) 
Taking into account the standard deviation in the measured elastic modulus E 
(E=67±12 GPa), the uncertainty in the shear modulus is up to: 
𝛿𝐺
|𝐺|
= √(
𝛿𝑣
𝑣
)
2
+ (
𝛿𝐸
𝐸
)
2
= 0.180 = 18% (F.8) 
 
The torsional constant for an elliptical cross section, J, is: 
𝐽 = 𝜋
𝑎3×𝑏3
𝑎2 + 𝑏2
 (F.9) 
where a is the minor axis and b the major axis of the elliptical cross-section. Following the 
rules in equations F.1-F.5, the relative uncertainty δJ/J due to the uncertainty in the value 
of the major axis a (a = 380±10 nm) and minor axis b (b = 160±10 nm) is equal to 0.209 ≈ 
21%. 
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